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Orienting to salient events in the environment is a first step in the development of
attention in young infants. Electrophysiological studies have indicated that in newborns
and young infants, sounds with widely distributed spectral energy, such as noise and
various environmental sounds, as well as sounds widely deviating from their context
elicit an event-related potential (ERP) similar to the adult P3a response. We discuss how
the maturation of event-related potentials parallels the process of the development of
passive auditory attention during the first year of life. Behavioral studies have indicated that
the neonatal orientation to high-energy stimuli gradually changes to attending to genuine
novelty and other significant events by approximately 9 months of age. In accordance with
these changes, in newborns, the ERP response to large acoustic deviance is dramatically
larger than that to small and moderate deviations. This ERP difference, however, rapidly
decreases within first months of life and the differentiation of the ERP response to genuine
novelty from that to spectrally rich but repeatedly presented sounds commences during
the same period. The relative decrease of the response amplitudes elicited by high-energy
stimuli may reflect development of an inhibitory brain network suppressing the processing
of uninformative stimuli. Based on data obtained from healthy full-term and pre-term
infants as well as from infants at risk for various developmental problems, we suggest
that the electrophysiological indices of the processing of acoustic and contextual deviance
may be indicative of the functioning of auditory attention, a crucial prerequisite of learning
and language development.
Keywords: orienting, passive auditory attention, distraction, infants, event-related potential (ERP), novelty
detection, oddball paradigm, mismatch negativity (MMN)
INTRODUCTION
Auditory attention is a key prerequisite of acquiring many impor-
tant skills, such as for example learning to speak and commu-
nicate with others. It is well known that very young infants
have a natural attraction and early preference for speech sounds
(Vouloumanos and Werker, 2007). However, there are also non-
speech sounds that require one’s attention in the auditory envi-
ronment. Some of these sounds may signal an opportunity or
some danger, while others may be irrelevant for the current
behavioral goals. Therefore, it is important to determine which
stimuli require further processing. Many potentially informa-
tive sounds result from the arrival (or activation) of a new
object (sound source) in the environment. A typical common
cue for detecting sounds originating from such new sources is
that they often widely differ from the sounds previously encoun-
tered. Thus, one may expect the human auditory system to be
sensitive to large acoustic deviations already at birth. However,
acoustic deviance (salience) does not tell the full story. Therefore,
an important early developmental goal is to separate acoustic
deviance from relevant information.
Here we review studies testing the processing of sounds widely
deviating from the preceding acoustic environment during the
first year of life1. We focus on investigations recording event-
related brain potentials (ERP) and magnetic fields (ERF) as this
method is amongst the few consistently available throughout this
period. Whereas the behavioral repertoire of infants undergoes
rapid changes during the first year of life, brain responses can
be measured for similar or even identical stimulus paradigms
throughout the whole period. Further, few studies using alterna-
tive brain measures, such as near infrared spectroscopy (NIRS)
and functional magnetic resonance imaging (fMRI) have yet been
published
The layout of the review is as follows: (1) a short and limited
description of the development of passive auditory attention
during the first year of life together with the most typical ERP
1Although it has long been known that sounds are processed even before birth
(e.g., Ray, 1932; Hepper and Shahidullah, 1994) for the full timeline of devel-
opment, see (Moore and Linthicum, 2007), no systematic study testing the
processing of wide acoustic deviance has been published yet.
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paradigm used to study this function; (2) the ERP components
observed in the context of auditory deviance detection and
attention switching subdivided into three periods: newborn,
2–6 month, and 6–12 month old infants; (3) discussion of
the development of the ERP components during the three
periods and issues for future research. Previous studies have
demonstrated that these time periods correspond to milestones
in neuroanatomical development: increase in synaptogenesis
between birth and 3 months of age in auditory cortex (and by
∼6 months in visual cortex) (Huttenlocher, 1984; Huttenlocher
and Dabholkar, 1997), followed by a rise in cerebral metabolic
rate (Chugani et al., 1987) and an increase of white matter in
association cortices by ∼8–12 months (Paus et al., 2001). We
expect these important steps in brain maturation to be reflected
in the morphology and functionality of the ERP responses
elicited by widely deviant sounds.
DEVELOPMENT OF PASSIVE AUDITORY ATTENTION DURING
THE FIRST YEAR OF LIFE
The four components appearing in some current complete mod-
els of attention are arousal, orienting, selective and sustained
attention (Posner and Petersen, 1990; Cowan, 1995; Ruff and
Rothbart, 1996; Gomes et al., 2000). These components reflect the
general state of an organism with respect to processing informa-
tion and the abilities to orient toward, select, switch between, and
maintain focus on some information source. Another distinction
can bemade on the basis of whether an attention-related change is
triggered by some external event, such as involuntarily orienting
toward a new sound source (termed stimulus-driven, bottom-up,
or passive attention; James, 1890) or it is under the voluntary
control of the organism (termed top-down or active attention).
The current review focuses on the early development of the pro-
cesses triggered by salient external stimuli, constituting the first
steps of passive attention. These processes may lead to orienting.
When orienting is triggered by some stimulus that is irrelevant to
the ongoing behavior (e.g., a loud sound while one is reading a
book), attention switches to this stimulus. This phenomenon is
termed distraction. Finally, one may return to the original task
if the stimulus did not signal something more important to deal
with. This phenomenon is termed reorientation. The cycle of pas-
sive attention, attention switching, orientation, distraction, and
reorientation provide the background for interpreting the results
reviewed here.
The ontogenetically earliest manifestations of attention pri-
marily include orienting toward stimuli of potential biological
significance (for a review, see Gomes et al., 2000). This is the
aspect of attention, which is also evoked by acoustic deviance.
Orienting refers to the physiological and behavioral changes asso-
ciated with the detection of a stimulus with some novel aspect.
The orienting response (OR; Pavlov, 1927; Sokolov, 1963; Sokolov
et al., 2002) is a combination of overt and covert responses
associated with searching for and preferential processing of new
information. Components of the OR are targeting responses
(eye, hand, and body movements), autonomic reactions (car-
diac and skin conductance response), desynchronization of the
electroencephalogram (EEG), and augmentation of certain ERP
components (Sokolov et al., 2002; Kushnerenko et al., 2007;
Kushnerenko and Johnson, 2010).
In infants, orienting is most commonly assessed by sponta-
neous motor and psychophysiological responses: e.g., localized
head turning (Clarkson and Berg, 1983; Morrongiello et al.,
1994), or changes in the heart rate (Clarkson and Berg, 1983;
Richards and Casey, 1991). Sometimes such parameters as behav-
ioral inhibition, motor quieting, and eye widening are also used
in assessing the responsiveness of newborns (Gomes et al., 2000).
Orienting responses to various sounds (bell, rattle, voice) are
often used in neonatal clinical assessments (Foreman et al., 1991;
Riese, 1998; Van de Weijer-Bergsma et al., 2008). Neonatal reac-
tivity to such sounds appears to be predictive of further devel-
opment of temperament (Riese, 1998) and later attentional and
behavioral functioning (for a review, see Van de Weijer-Bergsma
et al., 2008).
Neonatal ERP responses to sounds are strongly influenced by
stimulus parameters: newborns preferentially respond to broad-
band noise compared to tones (Turkewitz et al., 1972; Werner
and Boike, 2001; Kushnerenko et al., 2007), to high compared to
low frequency noise (Morrongiello and Clifton, 1984), to tones
of longer rather than shorter duration (Clarkson et al., 1989).
Acoustic features (such as intensity or spectral complexity) are
apparently initially the most salient cues for passive attention
and, as a consequence, orienting (Kushnerenko et al., 2007). It
is important to note that passive auditory attention is strongly
limited by the initially low frequency resolution of the infant audi-
tory system until ca. the age of 6 months and even beyond by
the immaturity of some higher-level auditory processes (Werner,
2007). An example of the latter is that differences in thresh-
olds for pure-tone detection between infants and adults could be
partly accounted for by differences in listening strategies: it has
been suggested that young infants do not selectively focus on fre-
quencies for discriminating sounds (Werner and Boike, 2001).
One possibly compatible observation is that until 7–9 months
of age, infants do not detect a tone in a broadband noise even
when the noise spectrum does not include the frequency of the
tone (Werner, 2007). This effect is not well-understood so far.
Interestingly, however, newborns are able to match stimuli across
modalities (auditory and visual) by their intensity (Lewkowicz
and Turkewitz, 1980), a task on which adults perform quite
poorly.
Based primarily on visual attention studies, it has been argued
that between 2 and 4 months of age, infants’ responses to stim-
uli becomes increasingly influenced by their longer-term previous
experience and infants orient more toward novelty (Gomes et al.,
2000) than to physical stimulus features. Then, at about 9 months
of age, there is evidence for a reduction in the orienting response
to novel visual stimuli (Ruff and Rothbart, 1996). However,
because the maturation of the visual and auditory systems is not
fully parallel (Anderson et al., 2001; Anderson and Thomason,
2013), the periods of characteristic changes in infantile responses
may differ between the two modalities. In general, developmental
specialization and narrowing of the initially broadly tuned per-
ception of infants probably help reduce distraction by irrelevant
stimuli (for a review, Gomes et al., 2000).
ERPs provide real time indices of information processing in
the brain. The processing of acoustic deviance is usually stud-
ied in variants of the “oddball” paradigm: sequences based upon
some regular relationship (“standard” stimuli) are infrequently
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interrupted by deviant stimuli violating the regularity. In the
simplest and most commonly used oddball variant the standard
is a repeating sound that is occasionally exchanged for a dif-
ferent (deviant) sound. Note, however, that also violations of
quite complex regularities have been successfully tested in adults
(e.g., Paavilainen et al., 2007) as well as in newborn infants (e.g.,
Ruusuvirta et al., 2009). The electrophysiological response to
such deviations is assessed by subtracting the evoked potentials
elicited by a control sound from that to deviant sound (for a
discussion of how an appropriate control can be established, see
Kujala et al., 2007). In adults, the subtraction between the ERPs to
deviant and control sounds results in a negative difference wave-
form typically peaking between 100 and 200ms from the onset
of deviation, termed the Mismatch Negativity (MMN, Näätänen
et al., 1978; for a recent review, see Näätänen et al., 2011). The
currently most widely accepted interpretation of MMN elicita-
tion suggests that it is triggered by finding mismatch between
the incoming sound and the predictions drawn from genera-
tive representations of the auditory regularities detected from the
preceding sound sequence (Winkler, 2007; Garrido et al., 2009).
Recording deviance-elicited responses is a feasible way to assess
neonatal auditory discrimination and regularity detection abili-
ties, since it can be recorded even in the sleeping infants (Alho
et al., 1990a).
In adults (Escera et al., 2000; Polich, 2007) and school-age
children (Cˇeponiene˙ et al., 2004; Gumenyuk et al., 2004), acousti-
cally widely deviant stimuli (such as environmental sounds, often
termed “novel” sounds in the literature, as well as sounds with
wide spectrum or complex temporal structure delivered amongst
pure or complex tones) usually elicit the frontocentrally posi-
tive P3a component peaking at about 300ms from sound onset.
Squires et al. (1975) proposed that the P3a was the central electro-
physiological marker of the orienting response (see also Sokolov
et al., 2002). The P3a is usually interpreted as a sign of attentional
capture (Escera et al., 2000; Friedman et al., 2001), although
recent evidence suggests that it may reflect processes evaluating
the contextual relevance of deviant or rare sounds (Horváth et al.,
2008).
ERP COMPONENTS OBSERVED IN THE CONTEXT OF
ACOUSTIC DEVIANCE DETECTION AND ATTENTION
SWITCHING
NEONATAL ERP COMPONENTS INDEXING THE DETECTION AND
FURTHER PROCESSING OF LARGE ACOUSTIC DEVIANCE
In the majority of the studies testing acoustic deviance, a
frontocentrally positive component peaking at about 300ms
was observed in newborn infants (e.g., Leppänen et al., 1997;
Dehaene-Lambertz and Pena, 2001; Winkler et al., 2003; Novitski
et al., 2007) and also in most fetuses (measured by magneto-
encephalography; electric polarity not known; Draganova et al.,
2005, 2007; Huotilainen et al., 2005). In contrast, a broad long-
lasting later negativity (270–400ms) was found in response to
relatively modest auditory deviations both in newborns and in
prematurely born infants (e.g., to the difference between Finnish
vowels /y/ and /i/, Cheour-Luhtanen et al., 1995, 1996). Leppanen
et al. (2004) suggested that the polarity of the deviance-detection
response depends on the maturational level of the newborn,
because immature neonates have been shown to display inverse
polarity ERP responses (Kurtzberg and Vaughan, 1985). Yet other
studies found earlier (<200ms) and relatively narrower nega-
tive discriminative ERP responses in neonates (Alho et al., 1990a;
Cˇeponiene˙ et al., 2000, 2002a; Tanaka et al., 2001; Hirasawa et al.,
2002; Kushnerenko et al., 2002a; Morr et al., 2002; Stefanics et al.,
2007). Although it has been suggested that the polarity of the
response may be related to the sleep stage or sleep vs. wakefulness
(Friederici et al., 2002), this hypothesis has not been confirmed by
the results of other studies (Leppänen et al., 1997; Cheour et al.,
2002a; Hirasawa et al., 2002; Martynova et al., 2003). The ear-
lier negativity and the later positivity have been observed together
in some studies (Fellman et al., 2004; Kushnerenko et al., 2007;
Háden et al., 2009) and compatible magnetic responses were
observed by Sambeth et al. (2006). Kushnerenko et al. (2007)
suggested that the early negativity was elicited by large spectral
changes (e.g., 500Hz tone vs. broadband noise). The above sum-
mary shows that the results obtained for ERPs elicited by acoustic
deviance are quite diverse and it is not yet known, what variables
(maturity, the degree of acoustic deviation, sleep-awake state, the
length of the interstimulus interval, presentation rate, etc.) affect
the morphology of the ERP responses (for a detailed discussion,
see Háden, 2011).
Kushnerenko et al. (2007) have shown that broadband noise
as well as “novel” sounds (diverse complex sounds, such as
clicks, whistles, chirps, simulations of bird vocalizations) infre-
quently appearing amongst tones elicited high-amplitude ERPs
in newborns. The responses consisted of an early negativity (EN)
peaking between ca. 150–220ms, followed by a large positivity
(PC) at about 250–300ms and a late negativity (LN) commenc-
ing at about 400ms (see Figure 1, left panel). In contrast to many
infant ERP studies reporting high levels of individual variability in
very young infants, these stimuli reliably elicited all three compo-
nents in all neonates. The requirement of large spectral deviation
suggests incomplete maturation of frequency-specific pathways,
and it is consistent with evidence showing that frequency resolu-
tion and fine frequency tuning is quite rough in neonates (Olsho
et al., 1987, 1988; Novitski et al., 2007), improving rapidly dur-
ing the first 6 months of life (Abdala and Folsom, 1995; Werner,
1996).
Surprisingly, newborns have shown a similar pattern of
response to “novel” sounds and noise segments as was found
in children and adults: the positive component (PC) resembles
the auditory P3a (Kushnerenko et al., 2002a, 2007; see Figure 1,
right panel). However, a major part of the PC in newborns is
probably elicited by the spectrally rich “novel” sounds activating
fresh afferent neurons (i.e., ones which did not respond to the
frequently presented stimuli of the sequence). In adults, sound
energy and spectral differences showed much smaller effects on
ERP responses than in newborns, whereas contextual changes
(e.g., a “novel” sound delivered amongst repetitive white-noise
segments) were detected faster than in infants (Kushnerenko
et al., 2007). Results of a new study aimed at separating contri-
butions to the observed ERP waveforms associated with spectral
deviance vs. contextual novelty (Háden et al., under review) sug-
gest that whereas the neonatal response to noise segments is
not modulated by the presence or absence of the surrounding
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FIGURE 1 | Group-averaged ERPs elicited by harmonic tones and
broadband sounds in newborns (N = 12; left side) and adults (N = 11;
right side) in an oddball paradigm. Upper row: the repetitive tone
sequence (standard, thin continuous line) was occasionally broken by a
higher-pitched tone (dotted line) or by various environmental (novel) sounds
(thick continuous line). Bottom row: the repetitive tone sequence (standard,
thin continuous line) was occasionally broken by white-noise segments
(dotted line) or by various environmental (novel) sounds (thick continuous
line). Observe the similar patterns of response to environmental sounds in
newborns and adults by comparing the waveforms depicted by thick
continuous lines on (A and B) with each other. The early negative peak is
first followed by a central positive wave and then by a broad negativity.
Stimulus onset is at the crossing of the two axes. Negative amplitudes are
marked upwards. Adapted with permission from Kushnerenko et al. (2007).
tones (i.e., the acoustic context), the processing of environmental
sounds is context-dependent. Therefore, it appears that the roots
of the distinction between mere acoustic deviance and contex-
tual information are already present at birth. Thus, despite the
morphological similarity of the responses in Kushnerenko et al.’s
(2007) study, the PC elicited by contextually novel sounds may
show more similarity with the adult P3a than the response to
noise segments. It should, however, be noted that maturation and
learning still play a large role in refining and speeding up the pro-
cesses separating acoustic deviation from contextually relevant
information.
The PC in infants, similarly to the P3a in children, is some-
times followed by a late frontal negativity (LN) peaking between
500 and 600ms latency in infants (Kurtzberg et al., 1984;
Dehaene-Lambertz and Dehaene, 1994; Friederici et al., 2002;
Kushnerenko et al., 2002a, 2007) and children (Cˇeponiene˙ et al.,
2004; Gumenyuk et al., 2004). This late negativity (LN) is larger in
amplitude in younger than in older children (Bishop et al., 2010)
showing the same maturational profile as has been previously
reported for the negative component Nc (Courchesne, 1983).
Nc has been suggested to reflect enhanced auditory (and visual)
attention, as it was elicited in response to surprising, interesting,
or important stimuli (Courchesne, 1978, 1990). A similar neg-
ativity was also found when participants had to re-orient their
attention back to a task after distraction by ‘novel’ sounds (Escera
et al., 2001) or in response to unexpected frequency changes in
auditory stimuli (Schröger andWolff, 1998; Schröger et al., 2000).
This negativity was called the reorienting negativity (RON) by
Schröger et al. (Schröger and Wolff, 1998). Being of compara-
ble latency and scalp topography, the Nc and RON might, in
fact, reflect the same neural process. The elicitation of the Nc-like
LN component in neonates suggests that, perhaps, they may also
able to return to a previous context following the processing of a
salient stimulus.
In summary, although the results of neonatal ERP studies are
far from being unequivocal, some evidence suggests that the main
elements of the chain of distraction-related processes are already
present at birth. At least from birth onwards infants detect audi-
tory deviance. High amounts of acoustic deviance elicit large ERP
responses. Infants may also differentially process sounds with
only large acoustic deviance from contextual novelty, showing to
the latter a response resembling those associated with attention
switching (or contextual evaluation) in adults. Finally, they may
also show signs that after the processing of acoustic novelty the
original context may be re-established. Note that this summary
is highly speculative and is mainly included for provoking future
testing of these ideas.
DEVELOPMENT OF ERP COMPONENTS INDEXING THE DETECTION
AND FURTHER PROCESSING OF LARGE ACOUSTIC DEVIANCE
BETWEEN 2 AND 6 MONTHS OF AGE
During first 6 months of life, auditory ERP amplitudes dramat-
ically change in absolute voltage level as well as in relation to
each other (see, Kushnerenko et al., 2002b; Kushnerenko, 2003;
Jing and Benasich, 2006; Csibra et al., 2009). The development
of the ERP responses related to auditory deviance detection gen-
erally follow the maturational pattern of the obligatory ERP
responses (i.e., responses also elicited by the regular auditory
stimuli, the standards; Kushnerenko et al., 2002a,b). Kushnerenko
et al. (2002a,b) employed a paradigm allowing the separation of
the contributions of auditory deviance detection and differential
refractoriness to the ERP responses elicited by deviant sounds.
The latter is caused by standards being delivered more often than
deviants and thus eliciting a lower-amplitude response than what
the same sound would elicit if delivered as infrequently as the
deviant. Thus, when the ERPs of the standard and the deviant are
compared, the difference between them sums together the contri-
bution from the neural processes of deviance detection and that
related to the shorter average ISI between successive standards
compared with successive deviants (for a detailed discussion, see
Kujala et al., 2007). Therefore, in addition to the oddball stimulus
block, Kushnerenko et al. (2002a,b) administered also a separate
(control) stimulus block in which the “deviant” tone from the
oddball stimulus block was delivered equiprobably together with
two other tones. For assessing the genuine deviance-detection
related neural response, they then compared the response elicited
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by the deviant from the oddball sequence with that elicited by
the same tone in the control stimulus block (termed the “control”
tone). Jacobsen et al. (2003) have shown that this procedure pro-
vides a good estimate of the genuine deviance-detection related
contribution to the deviant-stimulus response. Kushnerenko et al.
(2002a,b) found that the amplitude of infantile P2/PC increased
almost 3-fold from birth to 3 months of age both in response to
the deviant and the control sounds. Between 3 and 6 months of
age, the ERP waveforms become better defined with the broader
deflection gradually giving way to sharper peaks. As part of this
general development of the ERP responses, the P2/PC merges
into the P150-N250-P350 complex, which is then followed by the
N450 wave. In parallel, by 6 months of age, the pattern of the
auditory deviance detection response as derived by subtracting
the control ERP from that elicited by the deviant, can be described
in terms of the sequence of EN-PC-LN (with peaks appearing at
200, 300, and 450ms, respectively). Kushnerenko et al. (2002a,b)
delivered complex tones and they employed pitch deviance of
50% (harmonic tones, 500Hz standard, 750Hz deviant). Despite
the large deviation, these stimuli only elicited reliable EN-PC-LN
responses at the age of 6 months, but not before. In contrast, as
was described in the previous section, white-noise segments (pre-
sented in the context of the same complex tones) elicited all three
components already at birth (Kushnerenko et al., 2007).
For the ERP responses elicited by deviance carried by spectrally
rich sounds (piano tones), the broad discriminative positivity
turns into EN followed by PC between 2 and 4 months of age
(He et al., 2009). Further, with increasing pitch separation (from
1/12 octave to ½ octave), the amplitude of the EN/PC increases
while its latency decreases. No similar magnitude of deviance
effects were observed for the broad positivity found in 2-month
olds. Thus, the component structure that have been observed
in response to white-noise segments at birth emerges later in
response to pitch changes. This suggests that the resolution of
pitch representation improves between 2 and 4 months, earlier
than the estimate based on behavioral studies (Olsho et al., 1982;
Abdala and Folsom, 1995; Werner, 1996).
As was reviewed in the previous section, rare noise and envi-
ronmental sounds presented amongst frequent tones elicited
morphologically similar ERPs responses in newborn infants
(Kushnerenko et al., 2007). By ca. 2 months of age, morpho-
logical differences emerge between the ERPs elicited by rare
noise and environmental sounds. Otte et al. (2013) adapted the
oddball paradigm of Kushnerenko et al. (2007) and studied a
relatively large group of 2 month old infants. Embedded in a
regular sequence of a repetitive complex tone (500Hz), these
authors presented a temporal (interstimulus interval) deviant,
as well as rare environmental (dog barking, doorbell ringing,
etc.) and white-noise sounds. Visual inspection of the ERPs
(Figure 2) of Otte et al. (2013) suggest that whereas the white
noise segments elicited a response pattern that was similar to
the typical P150-N250-P350 sequence of deflections (especially
in the waking infants), the environmental sounds elicited a P3a-
like prolonged positive response in both waking and sleeping
infants. Although Otte et al. (2013) exercised caution in inter-
preting this large positive response as a precursor of the adult P3a,
Háden et al.’s (under review) observations regarding differences in
FIGURE 2 | Group-averaged (N = 36 waking 2 months old infants)
difference waveforms for tones delivered occasionally too early in an
otherwise isochronous tone sequence (ISI-deviant; black line), rare
white noise segments (red line) and novel sounds (blue line); the ERP
response to the frequent regular tone (standard, shown on the figure
by green line) has been subtracted from each of the other ERP
responses. Stimulus onset is at the crossing of the two axes. Negative
amplitudes are marked upwards. Amplitude calibration is at the bottom of
the figure. Reprinted from Otte et al. (2013).
contextual processing of noise and environmental sounds in new-
borns increase the plausibility of their speculative interpretation.
Van den Heuvel et al. (under review) using the same paradigm as
Otte et al. (2013) showed that at 4 months of age the distinction
between ERP response to novelty vs. white noise was more clear
and that frontal activation in response to unique environmental
sounds was increased ad compared with 2-month-old infants.
The emerging structural differences in the ERP responses
elicited by rare sounds with similar large acoustical deviance
but different amounts of contextual information are compati-
ble with behavioral observations suggesting that between birth
and 4 month, the role of contextual novelty in triggering orienta-
tion toward incoming stimuli increases at the expense of physical
stimulus features (Ruff and Rothbart, 1996). While Háden et al.
(under review) results suggest that newborns process environ-
mental, but not noise sounds differently depending on the context
they appear in, both of these sounds may result in similar brain
activation when encountered as deviants within the same con-
text. In contrast, the observations from Otte et al.’s (2013) results
show the first indication in 2-month olds that these two types
of sounds are processed differently even within the same context.
He et al. (2009) results demonstrated further development of the
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responses between 2 and 4month and, finally, Kushnerenko et al.’s
(2002a,b) data suggest that these response patterns stabilize and
extend to somewhat more subtle types of deviations by the 6th
month of life.
DEVELOPMENT OF ERP COMPONENTS INDEXING THE DETECTION
AND FURTHER PROCESSING OF LARGE ACOUSTIC DEVIANCE
BETWEEN 6 AND 12 MONTHS OF AGE
During second half of the first year of life, the amplitude of the PC
to large spectral deviations decreases (Kushnerenko et al., 2002a;
Morr et al., 2002). In their longitudinal study testing infants at 3,
6, 9, 12, and 24 months of age, Kushnerenko et al. (2002a) found
that the PC (termed there as discriminative positivity, DP) elicited
by 50% pitch separation between frequent (500Hz) and infre-
quent (750Hz) harmonic tones reached its maximal amplitude
at 6 month of age (∼10µV) decreasing thereafter by 9 months
(∼4–6µV) and further at 12months of age (∼3µV). Compatible
results were obtained by Morr et al. (2002), who measured ERP
responses in infants for both small (20%; 1000 vs. 1200Hz) and
large pitch deviations (100%; 1000 vs. 2000Hz) carried by pure
tones. These authors found that the PC in response to a large
pitch change (100%) was largest between 3 and 7 months of
age (∼5µV), and decreased gradually thereafter: by the age of
13–18 months the peak amplitude of the PC was ca. 3µV and
by the second year it almost completely disappeared and a nega-
tive discriminative responsemore similar to the child/adultMMN
(Csépe, 1995; Shafer et al., 2000; Wetzel et al., 2006) emerged as
the primary response to acoustic deviance.
During the same period, the difference between the response
amplitudes elicited by larger and smaller acoustic deviation
decreases as compared to that in younger infants. Whereas at
birth, the amplitude of the P2/PC to infrequent white noise seg-
ments delivered amongst frequent tones was almost three times
as large as the PC elicited by pitch deviance between two tones
[see Figure 1, adapted from Kushnerenko et al. (2007)], at 9
months of age the amplitude difference between the white-noise
and frequency deviants wasmuch less [see Figure 3, adapted from
Guiraud et al. (2011)], who presented the stimulus paradigm
adapted from (Kushnerenko et al., 2007) to 9months old infants).
However, the PC amplitude in response to rare environmen-
tal sounds does not decrease during the same period. Marshall
et al. (2009), showed that at the age of 9 months infants still
show large (∼10µV) PC responses to rare environmental sounds.
Kushnerenko et al. (2002a) compared the responses elicited by
large pitch deviation (50% pitch separation between frequent and
infrequent complex tones, 500 vs. 750Hz) and rare unique envi-
ronmental sounds in 2-year olds. While the PC to pitch deviance
had a lower amplitude (∼4µV) compared with younger infants,
the PC elicited by contextual novelty was large (∼9µV) and
showed a second frontally dominant peak, similar to the P3a
observed in school-age children (Gumenyuk et al., 2001; Wetzel
and Schröger, 2007; Wetzel et al., 2009).
In summary, whereas the effects of the magnitude of acoustic
deviation on the PC component diminishes from ca. 6 months
of age, and, in general, the PC response to acoustic deviations
gradually decreases from this age onward, when acoustic devi-
ation is coupled with contextual novelty, the PC response stays
FIGURE 3 | Group-averaged (N = 21 9 months old infants) ERPs
elicited by the frequent repeating tones (standards, black line), pitch
deviants (dark-gray line), and noise segments (light-gray line). In
Guiraud et al. (2011) the P2/PC peaked at about 200ms and it is denoted as
P150. Stimulus onset is at the crossing of the two axes. Negative
amplitudes are marked downwards. Adapted with permission from Guiraud
et al. (2011). Promotional and commercial use of the material in print,
digital, or mobile device format is prohibited without the permission from
the publisher Lippincott Williams & Wilkins. Please contact
journalpermissions@lww.com for further information.
large. Finally, at about 2 years of age, the PC to acoustic deviation
is exchanged for a negative discriminative response (the MMN),
whereas the PC elicited by contextual novelty is transformed into
the P3a response. However, it is not yet possible to establish an
exact timeline of the development of the PC response or the
amplitude norms as a function of age, because different stud-
ies presented different stimuli and interstimulus intervals, as well
as analysing the ERPs with different filter settings. For example,
applying a high-pass filter with 1Hz or higher cut-off frequency
is known to substantially attenuate the amplitude of a slow waves,
such as the PC or P3a (Holinger et al., 2000; Luck, 2005). Further,
the PC amplitude has been shown to also depend on the stimulus
presentation rate (He et al., 2009).
The maturational changes of the PC component amplitude
presumably reflect changes in the sensitivity of the infant brain
for orienting toward different aspects of auditory information.
Sensitivity to acoustic deviance appears to be heightened during
the infancy period compared with children and adults, as unlike
in older children and adults, the PC is elicited also in response
to small acoustic deviations. In school-age children and adults,
the P3a component is elicited almost exclusively by large acous-
tic deviance and/or contextual novelty. One may speculate that
the decrease of the PC amplitude to acoustic deviance (but not
to contextual novelty) during the first year of life may reflect the
development of a network in the infant brain suppressing the pro-
cessing of contextually less informative stimuli. Interestingly, this
is also true for audiovisual integration studies in infants: similar to
PC central right positivity in response to mismatch between lips
movement and speech sound decreased in amplitude by about 9
months of age, presumably assimilating it to the closest possible
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sound (Kushnerenko et al., 2008, 2013a,b). However, one should
be cautious with this interpretation, as the PC response may also
sum contributions of processes not related to orienting (or in
terms of ERPs, neural circuits not involved in the generation of
the P3a in older children and adults).
DISCUSSION
Delivering acoustically widely deviant and/or contextually novel
sounds have been suggested as a good model for studying pas-
sive attention, distraction, and reorientation (e.g., Escera et al.,
2000). We argued in the introduction that the measurement of
brain activity provides opportunities for following the devel-
opment of these functions during infancy which cannot be
achieved by behavioral methods. Of the various brain mea-
sures, EEG and the analysis of ERPs is by far the most easily
accessible and widely used research method. Further, electromag-
netic brain responses to acoustically widely deviant and con-
textually novel sounds have been well-studied in adults (Escera
et al., 2000; Friedman et al., 2001; Polich, 2007) and to some
degree in children (see the papers appearing in the current
Research Topic). Thus, employing these methods in young infants
allows one to interpret results in the context of development.
We conclude our review by discussing (1) the development of
the ERP components during the first year of life; (2) method-
ological issues regarding ERPs observed in the deviance/novelty
paradigm in infants; (3) possible application of these meth-
ods in clinical and at-risk groups; and (4) directions for future
research.
OVERVIEW OF THE DEVELOPMENT OF ERP COMPONENTS INDEXING
THE DETECTION AND FURTHER PROCESSING OF LARGE ACOUSTIC
DEVIANCE DURING THE FIRST YEAR OF LIFE
In the previous sections, we reviewed evidence compatible with
the notion that ERP components similar in some character-
istics to those observed for the cycle of deviance detection,
distraction, and reorientation in adults (the MMN, P3a, and
perhaps even RON) can be recorded very early during infancy.
We then followed the development of these components dur-
ing the first year of live, also hinting at their further transfor-
mation into the component structure observed in pre-school
age children. It is obvious that there are many marked dif-
ferences between adults and infants both in processing audi-
tory information (probably sensory information, in general) and
perhaps even greater differences in attentional functions. For
example, it is assumed that because of the weak axonal myeli-
nation and less efficient cortical networks, the infant brain is
relatively slow in processing auditory information when com-
pared to the adult brain (Dehaene-Lambertz et al., 2010). Thus,
by no means do we wish to suggest that either the possi-
ble infantile precursors of the adult ERP responses or the
underlying cognitive processes in infants are full analogues of
their adult counterparts. However, given that orienting toward
new information is likely an innate function manifesting very
early during infancy, it may not be counterintuitive to sug-
gest that at least rudimentary forms of each aspect of passive-
attention/distraction are functional and quickly developing in
early infancy.
In a recent review on infant speech perception and the
development of the linguistic brain network, Dehaene-Lambertz
(2011) concluded that in the last decades, neuroimaging has com-
pletely changed the previously prevailing view of the infant brain
as “a few islands of functional cortex amongst a vast space of
barely functional immature regions” (p. 185). NIRS, fMRI and
diffusion tension MRI (DTI) have enabled the in vivo study of
the maturation of brain structures. For example, the mapping of
the spatial organization of white matter in fiber bundles with DTI
(Mori and Van Zijl, 2002), revealed that arrangement, density,
and myelination of the fibers change with age and at differ-
ent rates across bundles (Neil et al., 2002; Dubois et al., 2006).
As Dehaene-Lambertz (2011) concludes, “a structured [brain]
organization is present from the first days on” and that ‘this
initial architecture has been selected through human evolution
as the most efficient to help infants to pick the correct cues
in the environment in order to build the rich and large social
groups seen in humans’ (p. 196). In a similar vein, several stud-
ies showed that despite the low resolution of auditory features
in neonates, some higher-level auditory perceptual mechanisms
are already functional in newborn infants; e.g., auditory stream
segregation (Winkler et al., 2003), extracting invariant higher-
order auditory features from a variable input (Carral et al., 2005;
Háden et al., 2009; Ruusuvirta et al., 2009), grouping mecha-
nisms (Stefanics et al., 2007), even the formation of hierarchical
representations (Winkler et al., 2009), and discrimination of
speech sounds from other types of sounds (Vouloumanos and
Werker, 2007). Thus, the initial brain organization enables pro-
cesses that are crucial for the further development of cognitive
abilities. As the above listed functions had ERP footprints, one
may speculate that the processes of passive attention/distraction
may also be observed through ERPs. This motivates the hypothe-
sis to be tested by future research that the infantile EN, P2/PC,
and LN/NC include precursors of the adult MMN, P3a, and
RON.
It is, however, important to qualify the above hypothesis.
The infantile ERP waveforms listed above do not show a one-
to-one correspondence to the adult counterparts. This is clear
from results showing that, in addition to being sensitive to
deviance, the EN is modulated by spectral richness while PC is
modulated by sound intensity (Kushnerenko et al., 2007). Thus,
whereas both of these responses may reflect the functioning of
auditory deviance detection (including higher-order, “abstract”
deviations) and therefore can be suggested as precursors of the
adult MMN, they also show characteristics which are typical for
the ERP correlates of auditory feature extraction in adults (such
as the auditory P1 andN1; see, e.g., Näätänen andWinkler, 1999).
Currently, it is not possible to decide, whether the mixture of the
characteristics of infantile ERP waveforms (compared with the
finer specialization found for the adult ERP components) indi-
cate that the underlying processes are initially not fully separated
or that this is a problem of the sensitivity of ERP measures in
young infants. If the former was true, these observations then
provide important insights into the early development of cog-
nitive functions. In any case, while the infantile ERPs related
to processing of large acoustic deviance and contextual nov-
elty may show some of the features characterizing the chain of
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adult ERP responses observed during distraction by sounds, both
the underlying functions and their ERP correlates undergo a
long maturational period before reaching the form observed in
adults.
Finally, it is of interest to compare the development of atten-
tion to salient visual stimuli with those in the auditory modality.
In a recent article Leppänen et al. (2011) describe how dur-
ing the first months of life diverse fundamental components of
spatial attention are acquired that allow infants to engage, disen-
gage, and shift visual attention in a flexible way. While between
1 and 3 months of age, terminating the processing of a stim-
ulus in the attentional focus and orienting to a new stimulus,
is difficult for infants (Hood, 1995), between 2 and 4 months
this becomes easier, and by the age of 6 months infants reach
the ability to flexibly disengage attention from its current focus
and shift to a new stimulus in another spatial location (Posner
and Petersen, 1990; Hunnius et al., 2006; Hunnius, 2007). Recent
research has demonstrated that by 6–7 months of age, affec-
tive significance starts to influence the infants’ visual attention
(Peltola et al., 2008; Leppänen et al., 2010, 2011) which is reflected
in the relatively greater difficulty in disengaging attention from
affectively salient facial expressions. A similar trend was observed
in audiovisual speech integration studies (Tomalski et al., 2012;
Kushnerenko et al., 2013a,b): between 6 and 9 months of age,
there is a shift of visual attention from familiar combinations
of articulatory lip movements and sounds to the novel combi-
nations. The hypothesis that early-developing attentional control
processes play a vital role in the development of more advanced
cognitive and emotional skills is an important one. The effi-
ciency of attention disengagement and other aspects of attention
regulation in infancy, is not only linked with cognitive and emo-
tional functioning in infancy and later childhood (Johnson et al.,
1991; Frick et al., 1999; Fox et al., 2008) but also with language
development (Kushnerenko et al., 2013b). Although the tradi-
tions of experimental design are somewhat different between the
two fields, preventing any direct comparison between them, it is
clear that there are parallels in development. Separation of phys-
ical and contextual deviance goes hand in hand with the shift
from rigid focusing to more flexible disengagement and then
to the increased relevance of social/emotional information. One
important direction of future research is to delineate the devel-
opment of the common attentional processes and resources from
modality-specific phenomena. This will require the development
of equivalent and multimodal stimulus paradigms.
METHODOLOGICAL ISSUES REGARDING THE USE OF ERP METHOD FOR
STUDYING PASSIVE ATTENTION IN YOUNG INFANTS
There are a number of methodological and interpretational prob-
lems relevant to the deviance/novelty paradigm. ERP responses
often overlap each other and thus the recorded waves do not
have a one-to-one correspondence to specific processes. Näätänen
and Picton’s (1987) defined an ERP component as follows: “... we
define an ERP ‘component’ as the contribution to the recorded
waveform of a particular generator process, such as the activa-
tion of a localized area of cerebral cortex by a specific pattern of
input” (p. 376). However, these criteria are seldom met even by
ERP responses recorded in adults despite the far better signal to
noise ratios achievable and the better tools available for source
localization (e.g., possibility to run structuralMRI to set up a real-
istic head model) than what is possible in young infants. While
advances in source localization and the use of converging imaging
methods may gradually help to alleviate the problem of sepa-
rating contributions from generators located in closely spaced
brain areas, a lot of work remains to be done for finding the
experimental variables that affect the various ERP responses in
young infants. There are a number of variables, whose effects
have not been systematically tested in any age group and even
those few studies, which have assessed some parametric effect
often recorded rather small groups of infants. Thus, these results
may need to be reconfirmed. Regarding the deviance/novelty
paradigm, it is well-known from studies in adults that the ERP
waveforms elicited by large deviance sum together contributions
from generators sensitive to at least three different aspects of the
stimuli: (1) neuronal populations sensitive to some stimulus fea-
ture present in the deviant but not in the standard (e.g., if the
frequent and the infrequent stimuli are tones differing in fre-
quency, they activate partly different neuronal populations in the
tonotopically organized parts of the auditory system); (2) dif-
ferential refractoriness or adaptation of the neurons activated
by the frequent and the infrequent stimulus (e.g., the neurons
only activated by the deviant, but not by the standard are acti-
vated quite less frequently and, therefore, may respond more
vigorously than those activated by both stimuli); and (3) acti-
vation resulting from auditory mismatch (neurons activated by
the difference between the incoming sound and the one pre-
dicted on the basis of the preceding sounds—the “error” signal
in terms of predictive coding theories; (Winkler, 2007; Garrido
et al., 2009). Contributions to the observable ERP response by
neurons sensitive to contextual mismatch, calling for further pro-
cessing, and possibly reorientation may come on top of these.
Based on the congruent results of a very large number of ERP
studies in adults, researchers have a reasonably good idea about
which of these variable may cause temporally overlapping ERP
responses. As a result, there are guidelines and paradigms for
extracting one or another of these responses from the summed
ERP waveforms (e.g., Kujala et al., 2007, provide suggestions for
separating the response to auditory mismatch from the stimulus-
specific responses and differential refractoriness in the auditory
oddball paradigm). However, some of the assumptions for adults
may not hold for young infants (or even change within a few
months during early development). Further, as was mentioned
in Section Neonatal ERP components indexing the detection and
further processing of large acoustic deviance, variables not specif-
ically related to the deviance/novelty paradigm may also affect
the ERP responses recorded in it (for a review, see Háden, 2011).
And, finally, to interpret the associations between the (presumed)
neural changes and ERP components one needs also to take into
account the age-related changes at the macro structural level.
Indeed, changes in physical features of the brain (such as thick-
ness of the skull, bone conductance, relative position of sulci and
gyri) may influence the recording of electrical activity from the
scalp (Luck, 2005; De Haan, 2007).
To date there is not enough evidence to establish to what extent
head size and shape and skull thickness affect ERP amplitudes
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and latencies. A few studies have reported significant negative
correlations between P3 amplitude and scull thickness in adult
participants (Pfefferbaum and Rosenbloom, 1987; Frodl et al.,
2001). Individual differences in P3 amplitudes varied from 10–
15µV for ∼5–6mm scull to 4–6µV for 7–10mm skull (Frodl
et al., 2001). There is also data indicating that in infants with
deformational posterior plagiocephaly, the amplitude of the audi-
tory P150/N250 complex is less than half the size of that observed
in control infants (−1.91µV vs.−5.11µV for N250) (Balan et al.,
2002).
Thus in order to allow more specific interpretation of the
ERP responses observed in young infants, many more studies are
needed to test the effects of various stimulus parameters, age-
related structural changes, and to set up procedures to separate
temporally overlapping contributions to the recorded waveforms.
As an example, the latency decrease from birth to 6 months of age
of the infantile P2 is probably mostly due to the emergence of the
N250, which divides the P2 into two peaks, one at ca. 150 and
another at ca. 350ms (Kushnerenko et al., 2002b).
STUDYING CLINICAL AND AT-RISK GROUPS
The Developmental Origins of Behavior, Health and Disease
(DOBHaD; Van den Bergh, 2011) hypothesis addresses the short-
and long-term consequences of the conditions of the develop-
mental environment for phenotypic variations in behavior, health
and disease (Barker, 1998; Gluckman and Hanson, 2004; Seckl
and Holmes, 2007; Plagemann, 2012). Recording ERPs in young
infants provides important tools for this approach to develop-
ment. Since large acoustic deviance evokes reliable ERP responses
in individual infants from birth onwards (Kushnerenko et al.,
2007), it may be better suited for studying clinical and at-risk
groups than small acoustic deviance, the responses to which sub-
stantially vary even across typically developing infants (Kurtzberg
et al., 1984; Kushnerenko et al., 2002a). Marshall et al. (2009) sug-
gested that the high individual variability in processing small and
moderate amounts of acoustic deviance may be partly explained
by temperamental differences, which in turn may be linked to
differences in early sensory processing.
Marshall et al. (2009) demonstrated that while there were
no significant differences in processing novel (environmental)
sounds between infants sorted by behavioral testing into high-
positive and high-negative temperamental groups, the infants in
the high-negative group showed increased attentional engage-
ment (larger PC) to a small acoustic deviation that was neither
salient nor contextually novel. One possibility is that tempera-
mental differences are related to properties of the sensory pathway
(Galbraith, 2001; Bar-Haim, 2002). Galbraith (2001) suggested
that selective filtering of irrelevant information might be mod-
ulated at the level of the auditory nerve while Bar-Haim (2002)
argued that differences in the sensitivity and functioning of
peripheral neuronal processesmay contribute to individual differ-
ences in introversion and social withdrawal with greater incidence
of abnormal middle ear acoustic reflexes and faster ABR laten-
cies for introverts than extraverts. Although the relative roles of
top-down and bottom-up processes cannot be assessed from the
results of Marshall et al. (2009), their ERP evidence corroborates
previous behavioral data demonstrating that auditory orienting
in newborns can be predictive of temperamental traits later in
infancy (Riese, 1998). Thus, it appears that heightened sensitiv-
ity/reactivity in neonates to auditory information that is neither
novel nor relevant may be indicative of the future development of
some temperamental traits.
Increased sensitivity to irrelevant auditory information is of
particular interest for studying infants at-risk for developing
attentional or social problems (e.g., autism spectrum disorder
(ASD), attention deficit-hyperactivity disorder (ADHD), social
withdrawal, etc.). Sensory-perceptual abnormalities are present in
about 90% of individuals with autism, including auditory hyper-
sensitivity (Gomes et al., 2008). Guiraud et al. (2011) found that
infants with high familial risk for ASD showed poorer ability to
suppress a response to regular (low novelty) irrelevant sounds
than control infants. That is, in response to the repeatedly pre-
sented standard sound, the infants in the low-risk group showed
habituation of the P2/PC amplitude already by the second identi-
cal tone, whereas the high-risk group did not show a decrement
of the same ERP response. As a result, in the latter group, no
increase of the ERP amplitude was observed in response to small
acoustic deviation. This suggests that high-risk infants may over-
process regular (uninformative) sounds, which would otherwise
not require limited capacities and, as a result, may have difficulties
to selectively attend to more informative auditory stimuli, such as
human speech. In school-age children, it was found that while
the response to non-speech acoustic deviance was increased in
individuals with ASD (Cˇeponiene˙ et al., 2003; Ferri et al., 2003;
Lepistö et al., 2005), the orienting to changes in speech sounds
was impaired (as reflected by the diminished novelty P3a) sug-
gesting difficulties in social orienting (Cˇeponiene˙ et al., 2003;
Lepistö et al., 2005).
Therefore, in addition to (but not incompatibly with) the
peripheral sensitivity explanation for increased ERP ampli-
tudes found in response to uninformative sounds in some at-
risk groups, these studies suggest poorer ability to suppress
brain responses to irrelevant sounds, which may be related to
delayed/atypical maturation of inhibitory networks involved in
sound processing. As we have summarized in Section Overview of
the development of ERP components indexing the detection and
further processing of large acoustic deviance during the first year
of life, the amplitude of the PC decreases during the second half
of the first year, which is the time when cortical layers IV, V and
VI develop their connections (Moore and Guan, 2001; Moore,
2002). According to Moore and Guan (2001), prior to 4 months
of age, only layer I of the auditory cortex is mature, but after the
4th month of life, the number of immunopositive axons in this
layer is greatly reduced. The decrease of PC and development of
the negative scalp-recorded components after 4 months of age
could be related to these maturational changes andmight be asso-
ciated with development of intracortical inhibitory connections.
Animal studies showed a drastic change in the relative weight of
inhibitory but not excitatory synapses in the cortex during this
period (Zhang et al., 2011).
The inhibition hypothesis receives further support from data
obtained from preterm infants. High-amplitude PC responses
(∼10µV) were observed to large acoustic but low-novelty
deviance in two groups of prematurely born infants (one
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appropriate and the other small for their gestational age) at the
age of 12 month (Fellman et al., 2004). In contrast, in the corre-
sponding age-matched control groups, the PC was of less than
1µV amplitude; rather, in the control groups, the response to
acoustic deviance was characterized by the EN/LN complex, as
is typical for older children (Cˇeponiene˙ et al., 2002b, 2004). Alho
et al.’s (1990b) results obtained in 4 month old preterm infants
in response to a small acoustic deviation are compatible with
Fellman et al.’s (2004) findings. It is, however, not known whether
these atypical brain responses to auditory deviance result from
preterm birth per se or also from the atypical early auditory expe-
riences in the neonatal intensive care unit (Gray and Philbin,
2004; Brown, 2009; Lickliter, 2011).
Research in the past 15 years showed associations between
prenatal exposure to high maternal anxiety/stress and behavioral
problems, such as high negative reactivity, irritability, ADHD
symptomatology, and delayed language problems (for reviews, see
(Huizink et al., 2004; Van den Bergh et al., 2005; Räikkönen et al.,
2011). In groups of neonates prenatally exposed to elevated levels
of pregnancy-specific anxiety (DiPietro et al., 2010) or postpar-
tum maternal anxiety (Harvison et al., 2009), altered brainstem
(DiPietro et al., 2010) and auditory ERP responses (Harvison
et al., 2009) were found. Results of a recent study delivering envi-
ronmental sounds and noise segments amongst frequent tones
(for the description of the paradigm, see Otte et al., 2013) sug-
gest that 2-month-old infants prenatally exposed to highmaternal
anxiety show enhanced ERP responses to sounds with low infor-
mation content compared to infants born to mothers with lower
levels of anxiety (Van den Bergh et al., 2012, 2013; Van denHeuvel
et al. under review). Similarly to infants at risk for ASD, allo-
cating more than normal amounts of processing capacities to
uninformative sounds may cause difficulties in extracting impor-
tant auditory features, such as phonetic and prosodic cues. This
in turn may lead to cognitive (language), emotional, and learning
problems later in life, as has been found for children prenatally
exposed to high levels of maternal anxiety (Laplante et al., 2004;
King and Laplante, 2005; Talge et al., 2007; Laplante et al., 2008;
Räikkönen et al., 2011; Loomans et al., 2012).
In summary, the ERP responses to small and large acoustic
deviations in young infants may prove to be indicative not only of
individual differences in reacting to novelty, but also of potential
problems with sensory-cognitive information processing, which
may then affect the ability to select information to attend and
react to. The lack of selectivity to informative sounds may be
detrimental for the development of selective attention and lan-
guage acquisition, such as may be the case for infants at risk for
ASD or prenatally exposed to high levels of maternal anxiety.
Inability to suppress irrelevant information may also develop into
problems with regulation of attention, which along with hyper-
activity is often observed in prematurely born children (Aylward,
2002; Mick et al., 2002; Bayless and Stevenson, 2007; for a review,
see Van de Weijer-Bergsma et al., 2008).
RESEARCH GOALS: THE THREE APPROACHES OF DEVELOPMENTAL
COGNITIVE NEUROSCIENCE
The past two decades saw the emergence of developmental
cognitive neuroscience (DCN), an interdisciplinary field aim-
ing to relate cognitive development, including that of sensory,
perceptual, and motor abilities to changes in the micro- and
macro-structure of the nervous system and to genetic and epi-
genetic factors. Johnson (2010) described the following three,
distinct but not necessarily incompatible viewpoints on human
“functional brain development”: (a) a maturational perspective,
(b) interactive specialization, and (c) skill learning. In what fol-
lows, we describe how the components of passive auditory atten-
tion (i.e., stimulus detection, distraction, and re-orienting) have
been viewed in terms of these three approaches, also commenting
on possible future developments.
The maturational perspective
According to this view, the research goal is to relate newly emerg-
ing sensory, perceptual/cognitive, and motor functions to (dif-
ferent aspects of) the maturation of particular brain regions or
circuitry. Applied to the ERP research reviewed above, this has
led to questions asking to what extent could the observed age-
related differences, such as changes in the latency, peak amplitude,
or scalp distribution of the EN, PC, and LN components dur-
ing the first year of life be attributed to “maturation.” A typical
example is to link the general shortening of ERP peak latencies
to the increasing myelination of axons in specific brain regions.
For example, the latency of visual ERPs evoked by flash stim-
uli decreased in a stepwise manner (about 6ms/week) with an
increased speed of latency decrease close to the 37th week from
conception, which coincides with the onset of myelination of
the optic radiation. In full-term infants, the P1 visual evoked
potential decreases in latency from ∼247ms to 108ms during
next 19 weeks of life (∼7ms/week) (McCulloch, 2007). These
rates are different though for different components. For exam-
ple, the latency of auditory N250 stays at about the same value
from birth to preschool age, while the N450 latency decreases
from 600ms to 400ms during the first year of life (∼4ms/week)
(Kushnerenko et al., 2002b). For MMN in infants and children
a rate of 1ms/month latency decrease has been observed (Morr
et al., 2002).
However, as was already discussed in Section Methodological
issues regarding the use of ERPmethod for studying passive atten-
tion in young infants, without detailed knowledge about possible
overlapping ERP components, the myelination explanation could
be misleading. Further, results of some new studies suggest that
the microstructural organization may be an important factor for
the ERP peak latencies besides the general process of myelination
(De Zeeuw et al., 2012; Chen et al., 2013). Johnson (2010, p. 14),
critically remarks that “associations between neural and cogni-
tive changes based on ‘age of onset’ can be theoretically weak
due to the great variety of neuroanatomical and neurochemi-
cal measures that changes at different time in different regions
of the brain.” Indeed, we saw that ERP measures suggest earlier
improvement of pitch resolution than estimates based on behav-
ioral assessment. The problem here is 2-fold: (1) is the emergence
of an ERP response a valid indicator of the emergence of the
corresponding sensory/cognitive advancement in the absence of
behavioral confirmation and (2) ERP measures reflect the effects
of a large number of changes in the brain, which, at least at
this point cannot be specified. ERP amplitudes have been linked
with the synaptic density in different cortical areas (Huttenlocher,
1979; Courchesne, 1990). For example, the amplitude of the late
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negativity (Nc) in response to novel auditory and visual stimuli
appears to correspond to the synaptic density in the prefrontal
cortex, which is maximal at about 2 years of age and gradually
decreasing thereafter (Courchesne, 1990). Similarly, auditory cor-
tex reaches its maximal synaptic density at about 3 months of
age (Huttenlocher and Dabholkar, 1997), the same period when
the PC to sounds reaches its highest amplitude (Kushnerenko
et al., 2002a,b). As illustrated by the above examples (as well as
those discussed in Section Studying clinical and at risk groups),
currently, this approach cannot not go beyond generalities in
explaining the development of ERP measures. For more specific
explanations, more detailed information would be needed about
the effects of maturational changes in the brain on the large-scale
electric activity measurable from the scalp.
Interactive specialization
This is a constructivist viewpoint that assumes that the postnatal
functional brain development involves activity-dependent pro-
cesses that will organize patterns of interregional interactions,
leading to cortical specialization. For instance, biases in passive
auditory attention during the first year of life, e.g., being highly
sensitive (as opposed to being moderately sensitive) to distraction
by deviant sounds, will be reinforced by different experiences and
will lead to differential patterns of cortical specialization in child-
hood and adulthood. For example, as we discussed in Section
Studying clinical and at risk groups, persistent distractibility to
sounds that are not behaviorally relevant may hinder the develop-
ment of typical cortical specialization in other areas (e.g., learning
to speak). This approach can help in clarifying the concepts and
theories regarding critical periods and brain plasticity, open new
lines of research linking the processes of passive attention (and
ERP responses as possible measures) to environmental and inter-
personal variables of interest to developmental psychologists, as
well as provide the basis for setting up intervention strategies and
methods for testing the effectiveness of the intervention (Johnson,
2005).
Skill learning
This view proposes a continuity of the brain mechanisms of
cognition throughout the whole life span. Thus, for example,
the brain regions that are active in infants during the onset of
auditory attention are assumed to be similar or even identical
to those involved in the same, though more complex skills in
adults. While it remains unclear whether parallels can be drawn
between adult experience and skill learning in infants, the findings
regarding both general auditory (e.g., Smith et al., 2006; He and
Trainor, 2009; Gervain andWerker, 2012) as well as musical (e.g.,
Phillips-Silver and Trainor, 2005; for a review, see Trainor et al.,
2012) and language skills (e.g., Cheour et al., 2002b; Dehaene-
Lambertz et al., 2002, 2010; Teinonen et al., 2009; for a review, see
Dehaene-Lambertz et al., 2006) point in this direction. Although
this appears to be a fruitful approach, we know of no studies
explicitly testing skill-learning related hypotheses for the process-
ing of sounds with large acoustic deviations in young infants.
More evidence has been obtained from older children. For exam-
ple, distraction by irrelevant sounds may be stronger in 10 year
olds than that seen in adults (for a review see, Werner, 2007)
and preventing distraction by available predictive cues does not
reach full maturity until adulthood (Wetzel et al., 2009). However,
the strong version of this hypothesis regarding the relative sta-
bility of the neural substrate remains to be tested. In sum, this
approach may provide a framework for future research into the
neural processes underlying passive attention and orienting in
young infants.
Finally, although to our knowledge, no studies have yet been
published relating the ERP components of passive auditory atten-
tion in young infants to genetic factors, this line of research has
much to offer to the field. In adults, Heitland et al. (2013) found
evidence for the involvement of frontal-cortical dopaminergic
and serotoninergic mechanisms in eliciting the P3a response.
Other recent studies then described effects of polymorphisms
in dopamine and serotonine genes on distractibility, inhibition,
and visual disengagement in young infants (Holmboe et al.,
2010; Johnson and Pasco Fearon, 2011; Leppänen et al., 2011).
For instance, Holmboe et al. (2010) found correlations between
variants of some dopamine-system genes and distractibility in
a visual attention task in 9 month old infants. In 7 month old
infants, Leppänen et al. (2011) found correlation between per-
formance in disengaging attention from a central (in the fovea)
stimulus to a target presented at the periphery and polymor-
phisms of a serotonin-system gene. This visual “disengagement’
capacity” appears to be a sensitive marker of typical development
and infants with difficulties in shifting their gaze away from the
stimulus currently at the fovea are at risk for ASD (Zwaigenbaum
et al., 2005). One might draw parallels between visual disen-
gagement and separating novelty from wide acoustic deviance.
Further, in 6-year old children, Birkas et al. (2006) found effects
related to polymorphisms of a dopamine-system gene on the LN
(N2c) and on resistance to behavioral distraction. Thus, it would
be interesting to test how dopamine- and serotonin-system
related polymorphisms are related to the various processes of
auditory passive attention in infants. As Johnson and Pasco
Fearon (2011) argued, gathering data on genetic variation
provides new possibilities for separating components of the
infant mind in general and the processes of passive attention in
particular. Combining ERP measures for irrelevant sounds with
genetic information may provide insights into the mechanisms
and functional properties of the early emerging abilities of audi-
tory information processing. Specifically, although the human
brain is already organized at birth (Dehaene-Lambertz, 2011),
maturation occurs over a protracted period and, in addition
to endogenous changes, stimulus-driven neural activity also
influence the development of connectivity in the brain (Del Rio
and Feller, 2010; Tau and Peterson, 2010). We can thus conclude
that, although “a bias for specific input characteristics” is in place
at birth—as our review also showed—it is the interplay between
genetic and environmental factors that will drive development of
attention over time (Scerif, 2010).
SUMMARY
We reviewed the—as of yet—rather patchy evidence available on
the development of processing wide acoustical deviance and con-
textual novelty in young (<1 year old) infants. We found some
evidence suggesting that even newborn infants process these two
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types of information somewhat differently, but also that separa-
tion between them emerges gradually and proceeds beyond the
first year of life. Further, the ERP components associated with
deviance detection, attention-switching/distraction, and reorien-
tation in adults may have their roots in the waveforms elicited
in young infants. Due to the relatively high reliability of the ERP
responses to acoustically widely deviant sounds in young infants,
this paradigm may serve well the purposes of research into indi-
vidual variability, clinical and at-risk groups. However, although
a handful of studies have already been published on these topics,
most of this research lies in the future, just as the establishing
of the neural and gene tic bases of the development of passive
attention.
ACKNOWLEDGMENTS
István Winkler is supported by the National Research Fund of
Hungary (OTKAK101060). Bea R. H. Van den Bergh is supported
by European Commission Seventh Framework Programme
(FP7- HEALTH.2011.2.2.2-2 BRAINAGE, Grant agreement
no: 279281).
REFERENCES
Abdala, C., and Folsom, R. C. (1995).
The development of frequency res-
olution in humans as revealed by
the auditory brain-stem response
recorded with notched-noise mask-
ing. J. Acoust. Soc. Am. 98, 921–930.
doi: 10.1121/1.414350
Alho, K., Sainio, K., Sajaniemi, N.,
Reinikainen, K., Naatanen, R., and
Näätänen, R. (1990a). Event-related
brain potential of human newborns
to pitch change of an acoustic
stimulus. Electroencephalogr. Clin.
Neurophysiol. 77, 151–155.
Alho, K., Sajaniemi, N., Niittyvuopio,
T., Sainio, K., and Naatanen, R.
(1990b). “ERPs to an auditory stim-
ulus change in preterm and full-
term infants,” in Psychophysiological
Brain Research, eds. C. H. M.
Brunia, A. W. K. Gaillard, and A.
Kok (Tilburg: Tilburg University
Press), 139–142.
Anderson, A. L., and Thomason, M.
E. (2013). Functional plasticity
before the cradle: a review of neural
functional imaging in the human
fetus. Neurosci. Biobehav. Rev. doi:
10.1016/j.neubiorev.2013.03.013.
[Epub ahead of print].
Anderson, A. W., Marois, R., Colson,
E. R., Peterson, B. S., Duncan,
C. C., Ehrenkranz, R. A., et al.
(2001). Neonatal auditory acti-
vation detected by functional
magnetic resonance imaging.
Magn. Reson. Imag. 19, 1–5. doi:
10.1016/S0730-725X(00)00231-9
Aylward, G. P. (2002). Cognitive and
neuropsychological outcomes: more
than IQ scores. Ment. Retard. Dev.
Disabil. Res. Rev. 8, 234–240. doi:
10.1002/mrdd.10043
Balan, P., Kushnerenko, E.,
Huotilainen, M., Naatanen, R.,
and Hukki, J. (2002). Auditory
ERPs reveal brain dysfunction
in infants with plagiocephaly.
J. Craniofac. Surg. 13, 520–525.
doi: 10.1097/00001665-200207000-
00008
Bar-Haim, Y. (2002). Introversion and
individual differences in middle
ear acoustic reflex function. Int.
J. Psychophysiol. 46, 1–11. doi:
10.1016/S0167-8760(02)00036-3
Barker, D. J. (1998). In utero
programming of chronic dis-
ease. Clin. Sci. 95, 115–128. doi:
10.1042/CS19980019
Bayless, S., and Stevenson, J. (2007).
Executive functions in school-age
children born very prematurely.
Early Hum. Dev. 83, 247–254. doi:
10.1016/j.earlhumdev.2006.05.021
Birkas, E., Horváth, J., Lakatos, K.,
Nemoda, Z., Sasvari-Szekely, M.,
Winkler, I., et al. (2006). Association
between dopamine D4 receptor
(DRD4) gene polymorphisms and
novelty-elicited auditory event-
related potentials in preschool
children. Brain Res. 1103, 150–158.
doi: 10.1016/j.brainres.2006.03.021
Bishop, D. V. M. M., Hardiman, M. J.,
and Barry, J. G. (2010). Is auditory
discrimination mature by middle
childhood? A study using time-
frequency analysis of mismatch
responses from 7 years to adult-
hood. Dev. Sci. 14, 355–373. doi:
10.1111/j.1467-7687.2010.00990.x
Brown, G. (2009). NICU noise and
the preterm infant. Neonatal Netw.
28, 165–173. doi: 10.1891/0730-
0832.28.3.165
Carral, V., Huotilainen, M., Ruusuvirta,
T., Fellman, V., Naatanen, R., Escera,
C., et al. (2005). A kind of audi-
tory “primitive intelligence” already
present at birth. Eur. J. Neurosci.
21, 3201–3204. doi: 10.1111/j.1460-
9568.2005.04144.x
Cˇeponiene˙, R., Hukki, J., Cheour, M.,
Haapanen, M. L., Koskinen, M.,
Alho, K., et al. (2000). Dysfunction
of the auditory cortex persists in
infants with certain cleft types. Dev.
Med. Child Neurol. 42, 13–22. doi:
10.1017/S001216220000044X
Cˇeponiene˙, R., Kushnerenko, E.,
Fellman, V., Renlund, M.,
Suominen, K., Näätänen, R.,
et al. (2002a). Event-related
potential features indexing cen-
tral auditory discrimination
by newborns. Brain Res. Cogn.
Brain Res. 13, 147–171. doi:
10.1016/S0926-6410(01)00093-3
Cˇeponiene˙, R., Yaguchi, K., Shestakova,
A., Alku, P., Suominen, K., and
Näätänen, R. (2002b). Sound com-
plexity and “speechness” effects on
pre-attentive auditory discrimina-
tion in children. Int. J. Psychophysiol.
43, 199–211. doi: 10.1016/S0167-
8760(01)00172-6
Cˇeponiene˙, R., Lepistö, T., Shestakova,
A., Vanhala, R., Alku, P., Näätänen,
R., et al. (2003). Speech-sound-
selective auditory impairment in
children with autism: they can per-
ceive but do not attend. Proc. Natl.
Acad. Sci. U.S.A. 100, 5567–5572.
doi: 10.1073/pnas.0835631100
Cˇeponiene˙, R., Lepisto, T., Soininen,
M., Aronen, E., Alku, P., and
Naatanen, R. (2004). Event-related
potentials associated with sound
discrimination versus novelty detec-
tion in children. Psychophysiology
41, 130–141. doi: 10.1111/j.1469-
8986.2003.00138.x
Cheour, M., Cˇeponiene˙, R., Leppänen,
P., Alho, K., Kujala, T., Renlund,
M., et al. (2002a). Auditory
sensory memory trace decays
rapidly in newborns. Scand.
J. Psychol. 43, 33–39. doi:
10.1111/1467-9450.00266
Cheour, M., Martynova, O., Näätänen,
R., Erkkola, R., Sillanpää, M.,
Kero, P., et al. (2002b). Speech
sounds learned by sleeping new-
borns. Nature 415, 599–600. doi:
10.1038/415599b
Cheour-Luhtanen, M., Alho, K.,
Kujala, T., Sainio, K., Reinikainen,
K., Renlund, M., et al. (1995).
Mismatch negativity indicates
vowel discrimination in new-
borns. Hear. Res. 82, 53–58. doi:
10.1016/0378-5955(94)00164-L
Cheour-Luhtanen, M., Alho, K., Sainio,
K., Rinne, T., Reinikainen, K.,
Pohjavuori, M., et al. (1996).
The ontogenetically earliest
discriminative response of the
human brain. Psychophysiology
33, 478–481. doi: 10.1111/j.1469-
8986.1996.tb01074.x
Chen,W. C., Foxley, S., andMiller, K. L.
(2013). Detecting microstructural
properties of white matter based
on compartmentalization of mag-
netic susceptibility. Neuroimage 70,
1–9. doi:10.1016/j.neuroimage.
2012.12.032
Chugani, H. T., Phelps, M. E., and
Mazziotta, J. C. (1987). Positron
emision tomography study of
human brain functional develop-
ment. Ann. Neurol. 22, 487–497.
doi: 10.1002/ana.410220408
Clarkson, M. G., and Berg, W. K.
(1983). Cardiac orienting and vowel
discrimination in newborns: crucial
stimulus parameters. Child Dev. 54,
162–171. doi: 10.2307/1129873
Clarkson, M. G., Clifton, R. K., Swain,
I. U., and Perris, E. E. (1989).
Stimulus duration and repeti-
tion rate influence newborn’s
head orientation toward sound.
Dev. Psychobiol. 22, 683–705. doi:
10.1002/dev.420220704
Courchesne, E. (1978).
Neurophysiological correlates
of cognitive development: changes
in long-latency event-related
potentials from childhood to adult-
hood. Electroencephalogr. Clin.
Neurophysiol. 45, 468–482. doi:
10.1016/0013-4694(78)90291-2
Courchesne, E. (1983). “Cognitive
components of the event-related
brain potential: changes associated
with development,” in Tutorials
in ERP Research: Endogenous
Components, eds A. W. K. Gaillard
and W. Ritter (Amsterdam:
Elseiver), 329–344.
Courchesne, E. (1990). “Chronology
of postnatal human brain devel-
opment: event-related potential,
positron emission tomography,
myelinogenesis, and synaptogen-
esis studies, Event-Related Brain
Potentials,” in Basic Issue and
Applications, eds R. Rohrbaugh, R.
Parasuroman, and R. Johnson (New
York, NY: Oxford University Press),
210–241.
Cowan, N. (1995). Attention and
Memory. An Integrated Framework.
New York, NY: Oxford University
Press.
Csépe, V. (1995). On the origin and
development of the mismatch
Frontiers in Psychology | Developmental Psychology September 2013 | Volume 4 | Article 595 | 12
Kushnerenko et al. Processing of novelty and acoustic deviance in infants
negativity. Ear Hear. 16, 91–104.
doi: 10.1097/00003446-199502000-
00007
Csibra, G., Kushnerenko, E., and
Grossman, T. E. T. (2009).
“Electrophysiological methods
in studying infant cognitive
development,” in Handbook of
Developmental Cognitive Neuro-
science, 2nd Edn., eds C. A. Nelson
and M. Luciana (Cambridge, MA:
MIT Press), 245–263.
De Haan, M. (2007). Infant EEG and
Event-Related Potentials, ed M. de
Haan (York, UK: University of York,
Psychology Press).
Dehaene-Lambertz, G. (2011). “The
architecture of the baby brain,”
in Human Neuroplasticity and
Education, eds A. Battro and S.
Dehaene (Vatican City: Singer),
185–259.
Dehaene-Lambertz, G., and Dehaene,
S. (1994). Speed and cerebral cor-
relates of syllable discrimination in
infants. Nature 28, 293–294. doi:
10.1038/370292a0
Dehaene-Lambertz, G., Dehaene,
S., and Hertz-Pannier, L. (2002).
Functional neuroimaging of
speech perception in infants.
Science 298, 2013–2015. doi:
10.1126/science.1077066
Dehaene-Lambertz, G., Hertz-Pannier,
L., and Dubois, J. (2006). Nature
and nurture in language acqui-
sition: anatomical and functional
brain-imaging studies in infants.
Trends Neurosci. 29, 367–373. doi:
10.1016/j.tins.2006.05.011
Dehaene-Lambertz, G., Montavont, A.,
Jobert, A., Allirol, L., Dubois,
J., Hertz-Pannier, L., et al.
(2010). Language or music,
mother or Mozart? Structural
and environmental influences
on infants’ language networks.
Brain Lang. 114, 53–65. doi:
10.1016/j.bandl.2009.09.003
Dehaene-Lambertz, G., and Pena,
M. (2001). Electrophysiological
evidence for automatic phonetic
processing in neonates. Neuroreport
12, 3155–3158. doi: 10.1097/
00001756-200110080-00034
Del Rio, T., and Feller, M. (2010).
“Neural activity and visual system
development.,” in Oxford Handbook
of Developmental Behavioural
Neuroscience, eds M. Blumberg,
J. Freeman, and S. Robinson
(Oxford: Oxford University Press),
375–388.
De Zeeuw, P., Mandl, R. C.W., Hulshoff
Pol, H. E., Van Engeland, H., and
Durston, S. (2012). Decreased
frontostriatal microstruc-
tural organization in attention
deficit/hyperactivity disorder. Hum.
Brain Mapp. 33, 1941–1951. doi:
10.1002/hbm.21335
DiPietro, J. A., Kivlighan, K. T.,
Costigan, K. A., Rubin, S. E.,
Shiffler, D. E., Henderson, J. L.,
et al. (2010). Prenatal antecedents
of newborn neurological matura-
tion. Child Dev. 81, 115–130. doi:
10.1111/j.1467-8624.2009.01384.x
Draganova, R., Eswaran, H., Murphy,
P., Huotilainen, M., Lowery, C.,
and Preissl, H. (2005). Sound
frequency change detection in
fetuses and newborns, a mag-
netoencephalographic study.
Neuroimage 28, 354–361. doi:
10.1016/j.neuroimage.2005.06.011
Draganova, R., Eswaran, H., Murphy,
P., Lowery, C., and Preissl,
H. (2007). Serial magnetoen-
cephalographic study of fetal
and newborn auditory discrim-
inative evoked responses. Early
Hum. Dev. 83, 199–207. doi:
10.1016/j.earlhumdev.2006.05.018
Dubois, J., Hertz-Pannier, L., Dehaene-
Lambertz, G., Cointepas, Y., and
Le Bihan, D. (2006). Assessment
of the early organization and mat-
uration of infants’ cerebral white
matter fiber bundles: a feasibility
study using quantitative diffusion
tensor imaging and tractography.
Neuroimage 30, 1121–1132. doi:
10.1016/j.neuroimage.2005.11.022
Escera, C., Alho, K., Schröger, E., and
Winkler, I. (2000). Involuntary
attention and distractibility as
evaluated with event-related brain
potentials. Audiol. Neurootol.
5, 151–166. doi: 10.1159/
000013877
Escera, C., Yago, E., and Alho, K.
(2001). Electrical responses reveal
the temporal dynamics of brain
events during involuntary atten-
tion switching. Eur. J. Neurosci.
14, 877–883. doi: 10.1046/j.0953-
816x.2001.01707.x
Fellman, V., Kushnerenko, E., Mikkola,
K., Ceponiene, R., Leipala, J., and
Naatanen, R. (2004). Atypical
auditory event-related potentials
in preterm infants during the
first year of life: a possible sign of
cognitive dysfunction? Pediatr. Res.
56, 291–297. doi: 10.1203/01.PDR.
0000132750.97066.B9
Ferri, R., Elia, M., Agarwal, N.,
Lanuzza, B., Musumeci, S. A.,
and Pennisi, G. (2003). The mis-
match negativity and the P3a
components of the auditory
event-related potentials in autistic
low-functioning subjects. Clin.
Neurophysiol. 114, 1671–1680. doi:
10.1016/S1388-2457(03)00153-6
Foreman, N., Fielder, A., Price, D.,
and Bowler, V. (1991). Tonic
and phasic orientation in full-
term and preterm infants. J. Exp.
Child Psychol. 51, 407–422. doi:
10.1016/0022-0965(91)90085-7
Fox, N. A., Henderson, H., Pe’rez-
Edgar, K., and White, L. (2008).
“The biology of temperament:
an integrative approach,” in
Handbook of Developmental
Cognitive Neuroscience, 2nd Edn.,
eds C. A. Nelson and M. Luciana
(Cambridge, MA: MIT Press),
839–853.
Frick, J. E., Colombo, J., and Saxon, T. F.
(1999). Individual and developmen-
tal differences in disengagement of
fixation in early infancy. Child Dev.
70, 537–548. doi: 10.1111/1467-
8624.00039
Friederici, A. D., Friedrich, M.,
and Weber, C. (2002). Neural
manifestation of cognitive and
precognitive mismatch detection
in early infancy. Neuroreport 13,
1251–1254. doi: 10.1097/00001756-
200207190-00006
Friedman, D., Cycowicz, Y. M., and
Gaeta, H. (2001). The novelty P3: an
event-related brain potential (ERP)
sign of the brain’s evaluation of
novelty. Neurosci. Biobehav. Rev.
25, 355–373. doi: 10.1016/S0149-
7634(01)00019-7
Frodl, T., Meisenzahl, E. M., Müller,
D., Leinsinger, G., Juckel, G., Hahn,
K., et al. (2001). The effect of the
skull on event-related P300. Clin.
Neurophysiol. 112, 1773–1776. doi:
10.1016/S1388-2457(01)00587-9
Galbraith, G. C. (2001). From brain-
stem to cortex: neurobiologic
research provides keys to the
riddles, mysteries and enig-
mas of brain dysfunction. Clin.
Neurophysiol. 112, 721–723. doi:
10.1016/S1388-2457(01)00511-9
Garrido, M. I., Kilner, J. M., Stephan,
K. E., and Friston, K. J. C.-P.
(2009). The mismatch negativity: a
review of underlying mechanisms.
Clin. Neurophysiol. 120, 453–463.
doi: 10.1016/j.clinph.2008.11.029
Gervain, J., and Werker, J. F. (2012).
Learning non-adjacent regularities
at age 0; 7. J. Child Lang. 40, 1–13.
doi: 10.1017/S0305000912000256
Gluckman, P. D., and Hanson, M. A.
(2004). Living with the past: evolu-
tion, development, and patterns of
disease. Science 305, 1733–1736. doi:
10.1126/science.1095292
Gomes, E., Pedroso, F. S., and
Wagner, M. B. (2008). Auditory
hypersensitivity in the autistic
spectrum disorder. Pro. Fono. 20,
279–284. doi: 10.1590/S0104-
56872008000400013
Gomes, H., Molholm, S.,
Christodoulou, C., Ritter, W.,
and Cowan, N. (2000). The devel-
opment of auditory attention in
children. Front. Biosci. 5, 108–120.
doi: 10.2741/Gomes
Gray, L., and Philbin, M. K. (2004).
Effects of the neonatal inten-
sive care unit on auditory
attention and distraction. Clin.
Perinatol. 31, 243–260, vi. doi:
10.1016/j.clp.2004.04.013
Guiraud, J. A., Kushnerenko, E.,
Tomalski, P., Davies, K., Ribeiro,
H., Johnson, M. H., et al. (2011).
Differential habituation to repeated
sounds in infants at high risk for
autism. Neuroreport 22, 845–849.
doi: 10.1016/j.clp.2004.04.013
Gumenyuk, V., Korzyukov, O., Alho,
K., Escera, C., and Naatanen, R.
(2004). Effects of auditory dis-
traction on electrophysiological
brain activity and performance
in children aged 8–13 years.
Psychophysiology 41, 30–36. doi:
10.1111/1469-8986.00123
Gumenyuk, V., Korzyukov, O., Alho, K.,
Escera, C., Schröger, E., Ilmoniemi,
R. J., et al. (2001). Brain activity
index of distractibility in normal
school-age children. Neurosci. Lett.
314, 147–150. doi: 10.1016/S0304-
3940(01)02308-4
Háden, G. P. (2011). Probing Perceptual
Capabilities Underlying Music
Perception. Thesis available online at
http://www.cogsci.bme.hu/~ktku;
http://www.cogsci.bme.hu/k˜tkuser/
PHD_iskola/2011_Haden_Gabor/h
aden_dissertation.pdf
Háden, G. P., Stefanics, G., Vestergaard,
M. D., Denham, S. L., Sziller,
I., and Winkler, I. (2009).
Timbre-independent extraction
of pitch in newborn infants.
Psychophysiology 46, 69–74. doi:
10.1111/j.1469-8986.2008.00749.x
Harvison, K. W., Molfese, D. L.,
Woodruff-Borden, J., and Weigel,
R. A. (2009). Neonatal auditory
evoked responses are related
to perinatal maternal anxiety.
Brain Cogn. 71, 369–374. doi:
10.1016/j.bandc.2009.06.004
He, C., Hotson, L., and Trainor,
L. J. (2009). Maturation of cor-
tical mismatch responses to
occasional pitch change in early
infancy: effects of presentation
rate and magnitude of change.
Neuropsychologia 47, 218–229.
doi: 10.1016/j.neuropsychologia.
2008.07.019
He, C., and Trainor, L. J. (2009).
Finding the pitch of the miss-
ing fundamental in infants.
J. Neurosci. 29, 7718–8822. doi:
10.1523/JNEUROSCI.0157-09.2009
Heitland, I., Kenemans, J. L., Oosting,
R. S., Baas, J. M. P., and Böcker, K.
www.frontiersin.org September 2013 | Volume 4 | Article 595 | 13
Kushnerenko et al. Processing of novelty and acoustic deviance in infants
B. E. (2013). Auditory event-related
potentials (P3a, P3b) and genetic
variants within the dopamine and
serotonin system in healthy females.
Behav. Brain Res. 249, 55–64. doi:
10.1016/j.bbr.2013.04.013
Hepper, P. G., and Shahidullah, B. S.
(1994). Development of fetal hear-
ing. Arch. Dis. Child. 71, F81–F87.
Hirasawa, K., Kurihara, M., and
Konishi, Y. (2002). The relationship
between mismatch negativity and
arousal level. Can mismatch nega-
tivity be an index for evaluating the
arousal level in infants? Sleep Med.
3(Suppl. 2), S45–S48.
Holinger, D. P., Hill, S. A., Martin, D. L.,
Faux, S. F., Ives, J. R., and Schomer,
D. L. (2000). Reappraisal of filter
effects on P300 voltage and latency.
J. Clin. Neurophysiol. 17, 331–335.
doi: 10.1097/00004691-200005000-
00011
Holmboe, K., Nemoda, Z., Fearon, R.
M. P., Csibra, G., Sasvari-Szekely,
M., and Johnson, M. H. (2010).
Polymorphisms in dopamine sys-
tem genes are associated with indi-
vidual differences in attention in
infancy. Dev. Psychol. 46, 404–416.
doi: 10.1037/a0018180
Hood, B. M. (1995). Gravity rules
for 2–4-years-olds? Cogn. Dev.
10, 577–598. doi: 10.1016/0885-
2014(95)90027-6
Horváth, J., Winkler, I., and Bendixen,
A. (2008). Do N1/MMN, P3a,
and RON form a strongly cou-
pled chain reflecting the three
stages of auditory distraction?
Biol. Psychiatry 79, 139–147. doi:
10.1016/j.biopsycho.2008.04.001
Huizink, A. C., Mulder, E. J. H., and
Buitelaar, J. K. (2004). Prenatal
stress and risk for psychopathol-
ogy: specific effects or induction of
general susceptibility? Psychol. Bull.
130, 115–142. doi: 10.1037/0033-
2909.130.1.115
Hunnius, S. (2007). The early devel-
opment of visual attention and its
implications for social and cogni-
tive development. Prog. Brain Res.
164, 187–209. doi: 10.1016/S0079-
6123(07)64010-2
Hunnius, S., Geuze, R. H., and Van
Geert, P. (2006). Associations
between the developmental
trajectories of visual scan-
ning and disengagement of
attention in infants. Infant
Behav. Dev. 29, 108–125. doi:
10.1016/j.infbeh.2005.08.007
Huotilainen, M., Kujala, A.,
Hotakainen, M., Parkkonen, L.,
Taulu, S., Simola, J., et al. (2005).
Short-term memory functions of
the human fetus recorded withmag-
netoencephalography. Neuroreport
16, 81–84. doi: 10.1097/00001756-
200501190-00019
Huttenlocher, P. R., and Dabholkar,
A. S. (1997). Regional differences
in synaptogenesis in human cere-
bral cortex. J. Comp. Neurol. 387,
293–305. doi: 10.1002/(SICI)1096-
9861(19971020)387:2<167::AID-
CNE1>3.0.CO;2-Z
Huttenlocher, P. R. (1984). Synapse
elimination and plasticity in devel-
oping human cerebral cortex. Am. J.
Ment. Defic. 88, 488–496.
Huttenlocher, P. R. (1979). Synaptic
density in human frontal cortex -
developmental changes and effects
of aging. Brain Res. 163, 195–205.
Jacobsen, T., Schröger, E., Horenkamp,
T., andWinkler, I. (2003). Mismatch
negativity to pitch change: var-
ied stimulus proportions in
controlling effects of neural refrac-
toriness on human auditory
event-related brain potentials.
Neurosci. Lett. 344, 79–82. doi:
10.1016/S0304-3940(03)00408-7
James, W. (1890). The Principles of
Psychology.New York, NY: Holt. doi:
10.1037/11059-000
Jing, H., and Benasich, A. A. (2006).
Brain responses to tonal changes
in the first two years of life.
Brain Dev. 28, 247–56. doi:
10.1016/j.braindev.2005.09.002
Johnson, M. H. (2005). Subcortical face
processing. Nat. Rev. Neurosci. 6,
766–74. doi: 10.1038/nrn1766
Johnson, M. H. (2010). Developmental
Cognitive Neuroscience. Wiley-
Blackwell. Available at:
http://www.amazon.com/Developm
ental-Cogni tive-Neuroscience–
Mark-Johnson/ dp/1444330861
(Accessed May 13, 2013).
Johnson, M. H., and Pasco Fearon,
R. M. (2011). Commentary:
disengaging the infant mind:
genetic dissociation of atten-
tion and cognitive skills in
infants - reflections on Leppänen
et al. (2011). J. Child Psychol.
Psychiatry 52, 1153–1154. doi:
10.1111/j.1469-7610.2011.02433.x
Johnson, M. H., Posner, M. I.,
and Rothbart, M. K. (1991).
Components of visual orienting in
early infancy: contingency learning,
anticipatory looking and disengag-
ing. J. Cogn. Neurosci. 3, 335–344.
doi: 10.1162/jocn.1991.3.4.335
King, S., and Laplante, D. P. (2005).
The effects of prenatal maternal
stress on children’s cognitive devel-
opment: project Ice Storm. Stress
8, 35–45. doi: 10.1080/1025389050
0108391
Kujala, T., Tervaniemi, M., and
Schröger, E. (2007). The mis-
match negativity in cognitive and
clinical neuroscience: theoretical
and methodological considera-
tions. Biol. Psychol. 74, 1–19. doi:
10.1016/j.biopsycho.2006.06.001
Kurtzberg, D., Hilpert, P. L., Kreuzer,
J. A., and Vaughan, H. G. Jr.
(1984). Differential maturation of
cortical auditory evoked poten-
tials to speech sounds in normal
fullterm and very low-birthweight
infants. Dev. Med. Child Neurol.
26, 466–475. doi: 10.1111/j.1469-
8749.1984.tb04473.x
Kurtzberg, D., and Vaughan, H.
G. (1985). Electrophysiologic
Assessment of Auditory
and Visual Function in the
Newborn. Clin. Perinatol. 12,
277–297.
Kushnerenko, E. (2003). Maturation
of The Cortical Auditory
Event-Related Brain Potentials
in Infancy. Department of
Psychology, 97. Available online at:
http://ethesis.helsinki.fi/julka
Kushnerenko, E., Cˇeponiene˙, R.,
Balan, P., Fellman, V., Näätänen,
R., and Huotilainen, M. (2002a).
Maturation of the auditory change-
detection response in infants: a
longitudinal ERP study.Neuroreport
13, 1843–1848.
Kushnerenko, E., Cˇeponiene˙, R.,
Balan, P., Fellman, V., Näätänen,
R., and Huotilainen, M. (2002b).
Maturation of the auditory event-
related potentials during the 1st
year of life. Neuroreport 13, 16–22.
Kushnerenko, E., and Johnson, M. H.
E. T. (2010). “Newborn behaviour,”
in The Newborn Brain: Neuroscience
and Clinical Applications, ed
H. Lagercrantz (Cambridge:
Cambridge University Press),
185–198.
Kushnerenko, E., Teinonen, T.,
Volein, A., and Csibra, G. (2008).
Electrophysiological evidence
of illusory audiovisual speech
percept in human infants. Proc.
Natl. Acad. Sci. U.S.A. 105,
11442–11445. doi: 10.1073/pnas.
0804275105
Kushnerenko, E., Tomalski, P., Ballieux,
H., Ribeiro, H., Potton, A.,
Axelsson, E. L., et al. (2013a).
Brain responses to audiovisual
speech mismatch in infants are
associated with individual differ-
ences in looking behaviour. Eur. J.
Neurosci. doi: 10.1111/ejn.12317.
[Epub ahead of print].
Kushnerenko, E., Tomalski, P., Ballieux,
H., Potton, A., Birtles, D., Frostick,
C., et al. (2013b). Brain responses
and looking behavior during
audiovisual speech integration in
infants predict auditory speech
comprehension in the second year
of life. Front. Psychol. 4:432. doi:
10.3389/fpsyg.2013.00432
Kushnerenko, E., Winkler, I.,
Horváth, J., Näätänen, R., Pavlov,
I., Fellman, V., et al. (2007).
Processing acoustic change and
novelty in newborn infants. Eur.
J. Neurosci. 26, 265–274. doi:
10.1111/j.1460-9568.2007.05628.x
Laplante, D. P., Barr, R. G., Brunet,
A., Galbaud du Fort, G., Meaney,
M. L., Saucier, J.-F., et al. (2004).
Stress during pregnancy affects
general intellectual and lan-
guage functioning in human
toddlers. Pediatr. Res. 56,
400–410. doi: 10.1203/01.PDR.
0000136281.34035.44
Laplante, D. P., Brunet, A., Schmitz,
N., Ciampi, A., and King, S. (2008).
Project Ice Storm: prenatal maternal
stress affects cognitive and linguis-
tic functioning in 5 1/2-year-old
children. J. Am. Acad. Child Adolesc.
Psychiatry 47, 1063–1072. doi:
10.1097/CHI.0b013e31817eec80
Lepistö, T., Kujala, T., Vanhala, R.,
Alku, P., Huotilainen, M., and
Näätänen, R. (2005). The discrim-
ination of and orienting to speech
and non-speech sounds in chil-
dren with autism. Brain Res. 1066,
147–157. doi: 10.1016/j.brainres.
2005.10.052
Leppänen, J. M., and Nelson, C.
A. (2009). Tuning the developing
brain to social signals of emotions.
Nat. Rev.. Neurosci. 10, 37–47. doi:
10.1038/nrn2554
Leppänen, J. M., Peltola, M. J.,
Mäntymaa, M., Koivuluoma, M.,
Salminen, M., and Puura, K. (2010).
Cardiac and behavioral evidence
for emotional influences on atten-
tion in 7-monthold infants. Int.
J. Behav. Dev. 34, 547–553. doi:
10.1177/0165025410365804
Leppänen, J. M., Peltola, M. J., Puura,
K., Mäntymaa, M., Mononen, N.,
and Lehtimäki, T. (2011). Serotonin
and early cognitive development:
variation in the tryptophan hydrox-
ylase 2 gene is associated with
visual attention in 7-month-old
infants. J. Child Psychol. Psychiatry
52, 1144–1152. doi: 10.1111/j.1469-
7610.2011.02391.x
Leppanen, P. H., Guttorm, T. K.,
Pihko, E., Takkinen, S., Eklund,
K. M., Lyytinen, H., et al. (2004).
Maturational effects on new-
born ERPs measured in the
mismatch negativity paradigm.
Exp. Neurol. 190, 91–101. doi:
10.1016/j.expneurol.2004.06.002
Leppänen, P. H. T., Eklund, K.
M., and Lyytinen, H. (1997).
Event−related brain potentials
to change in rapidly presented
Frontiers in Psychology | Developmental Psychology September 2013 | Volume 4 | Article 595 | 14
Kushnerenko et al. Processing of novelty and acoustic deviance in infants
acoustic stimuli in newborns. Dev.
Neuropsychol. 13, 175–204. doi:
10.1080/87565649709540677
Lewkowicz, D. J., and Turkewitz, G.
(1980). Cross-modal equivalence
in early infancy: auditory-visual
intensity matching. Dev. Psychol.
16, 597–607. doi: 10.1037/0012-
1649.16.6.597
Lickliter, R. (2011). The inte-
grated development of
sensory organization. Clin.
Perinatol. 38, 591–603. doi:
10.1016/j.clp.2011.08.007
Loomans, E. M., Van der Stelt, O.,
Van Eijsden, M., Gemke, R. J. B. J.,
Vrijkotte, T. G. M., and Van den
Bergh, B. R. H. (2012). High lev-
els of antenatal maternal anxiety
are associated with altered cogni-
tive control in five-year-old chil-
dren. Dev. Psychobiol. 54, 441–450.
doi: 10.1002/dev.20606
Luck, S. J. (2005). An Introduction to the
Event-Related Potential Technique.
Cambridge, MA: The MIT Press.
Marshall, P. J., Reeb, B. C., and
Fox, N. A. C.-P. (2009).
Electrophysiological responses
to auditory novelty in tempera-
mentally different 9-month-old
infants. Dev. Sci. 12, 568–582. doi:
10.1111/j.1467-7687.2008.00808.x
Martynova, O., Kirjavainen, J., and
Cheour, M. (2003). Mismatch
negativity and late discrimina-
tive negativity in sleeping human
newborns. Neurosci. Lett. 340,
75–78. doi: 10.1016/S0304-3940
(02)01401-5
McCulloch, D. L. (2007). “Visual
evoked potentials in infants,”
in Infant EEG and Event-related
Potentials, ed M. de Haan (New
York, NY: Psychology Press),
39–63.
Mick, E., Biederman, J., Prince, J.,
Fischer, M. J., and Faraone, S.
V. (2002). Impact of low birth
weight on attention-deficit hyperac-
tivity disorder. J. Dev. Behav. Pediatr.
23, 16–22. doi: 10.1097/00004703-
200202000-00004
Moore, J. K. (2002). Maturation of
human auditory cortex: implica-
tions for speech perception. Ann.
Otol. Rhinol. Laryngol. Suppl. 189,
7–10.
Moore, J. K., and Guan, Y. L.
(2001). Cytoarchitectural and
axonal maturation in human
auditory cortex. J. Assoc. Res.
Otolaryngol. 2, 297–311. doi:
10.1007/s101620010052
Moore, J. K., and Linthicum, F. H.
(2007). The human auditory sys-
tem: a timeline of development.
Int. J. Audiol. 46, 460–478. doi:
10.1080/14992020701383019
Mori, S., and Van Zijl, P. C. M.
(2002). Fiber tracking: principles
and strategies - a technical review.
NMR Biomed. 15, 468–480. doi:
10.1002/nbm.781
Morr, M. L., Shafer, V. L., Kreuzer,
J. A., and Kurtzberg, D. (2002).
Maturation of mismatch negativity
in typically developing infants and
preschool children. Ear Hear. 23,
118–136. doi: 10.1097/00003446-
200204000-00005
Morrongiello, B. A., and Clifton, R. K.
(1984). Effects of sound frequency
on behavioral and cardiac orient-
ing in newborn and five-month-
old infants. J. Exp. Child Psychol.
38, 429–446. doi: 10.1016/0022-
0965(84)90086-9
Morrongiello, B. A., Fenwick, K.
D., Hillier, L., and Chance, G.
(1994). Sound localization in
newborn human infants. Dev.
Psychobiol. 27, 519–538. doi:
10.1002/dev.420270805
Näätänen, R., Gaillard, A. W., and
Mäntysalo, S. (1978). Early
selective-attention effect on
evoked potential reinterpreted.
Acta Psychol. (Amst) 42, 313–329.
doi: 10.1016/0001-6918(78)90006-9
Näätänen, R., Kujala, T., and Winkler,
I. (2011). Auditory processing that
leads to conscious perception: a
unique window to central audi-
tory processing opened by the
mismatch negativity and related
responses. Psychophysiology 48,
4–22. doi: 10.1111/j.1469-8986.
2010.01114.x
Näätänen, R., and Picton, T. (1987).
The N1 wave of the human electric
and magnetic response to sound: a
review and an analysis of the com-
ponent structure. Psychophysiology
24, 375–425. doi: 10.1111/j.1469-
8986.1987.tb00311.x
Näätänen, R., and Winkler, I. (1999).
The concept of auditory stimu-
lus representation in cognitive
neuroscience. Psychol. Bull. 125,
826–859. doi: 10.1037/0033-
2909.125.6.826
Neil, J., Miller, J., Mukherjee, P., and
Hüppi, P. S. (2002). Diffusion ten-
sor imaging of normal and injured
developing human brain - a tech-
nical review. NMR Biomed. 15,
543–552. doi: 10.1002/nbm.784
Novitski, N., Huotilainen, M.,
Tervaniemi, M., Näätänen, R.,
and Fellman, V. (2007). Neonatal
frequency discrimination in
250–4000-Hz range: electro-
physiological evidence. Clin.
Neurophysiol. 118, 412–419. doi:
10.1016/j.clinph.2006.10.008
Olsho, L. W., Koch, E. G., Carter,
E. A., Halpin, C. F., and Spetner,
N. B. (1988). Pure-tone sensitiv-
ity of human infants. J. Acoust.
Soc. Am. 84, 1316–1324. doi:
10.1121/1.396630
Olsho, L. W., Koch, E. G., and Halpin,
C. F. (1987). Level and age effects
in infant frequency discrimination.
J. Acoust. Soc. Am. 82, 454–464. doi:
10.1121/1.395446
Olsho, L. W., Schoon, C., Sakai,
R., Turpin, R., and Sperduto,
V. (1982). Auditory frequency
discrimination in infancy.
Dev. Psychol. 18, 721–726. doi:
10.1037/0012-1649.18.5.721
Otte, R. A., Winkler, I., Braeken, M.
A. K. A., Stekelenburg, J. J., Van
der Stelt, O., and Van den Bergh,
B. R. H. (2013). Detecting viola-
tions of temporal regularities in
waking and sleeping two-month-
old infants. Biol. Psychol. 92,
315–22. doi: 10.1016/j.biopsycho.
2012.09.009
Paavilainen, P., Arajärvi, P., and
Takegata, R. (2007). Preattentive
detection of nonsalient contin-
gencies between auditory features.
Neuroreport 18, 159–163. doi:
10.1097/WNR.0b013e328010e2ac
Paus, T., Collins, D. L., Evans, A.
C., Leonard, G., Pike, B., and
Zijdenbos, A. (2001). Maturation
of white matter in the human
brain: a review of magnetic reso-
nance studies. Brain Res. Bull. 54,
255–266. doi: 10.1016/S0361-9230
(00)00434-2
Pavlov, I. P. (1927). Condition Reflexes.
New York, Oxford: Clarendon Press.
Peltola, M. J., Leppänen, J. M.,
Palokangas, T., and Hietanen, J.
K. (2008). Fearful faces modulate
looking duration and attention
disengagement in 7-month-old
infants. Dev. Sci. 11, 60–68. doi:
10.1111/j.1467-7687.2007.00659.x
Pfefferbaum, A., and Rosenbloom, M.
(1987). Skull thickness influences
P3 amplitude. Psychopharmacol.
Bull. 23, 493–496.
Phillips-Silver, J., and Trainor, L. J.
(2005). Feeling the beat: move-
ment influences infant rhythm per-
ception. Science 308, 1430. doi:
10.1126/science.1110922
Plagemann, A. (2012). “Perinatal
Programming.” The State of the Art.
Berlin: De Gruyter.
Polich, J. (2007). Updating P300:
an integrative theory of P3a and
P3b. Clin. Neurophysiol. 118,
2128–2148. doi: 10.1016/j.clinph.
2007.04.019
Posner, M. I., and Petersen, S. E.
(1990). The attention system of the
human brain. Annu. Rev. Neurosci.
13, 25–42. doi: 10.1146/annurev.ne.
13.030190.000325
Räikkönen, K., Seckl, J. R., Pesonen,
A.-K. K., Simons, A., Van den
Bergh, B. R. H., Ra, K., et al.
(2011). Stress, glucocorticoids and
liquorice in human pregnancy:
programmers of the offspring
brain. Stress 14, 590–603. doi:
10.3109/10253890.2011.602147
Ray, W. S. (1932). A preliminary report
on a study of fetal conditioning.
Child Dev. 3, 175–177.
Richards, J. E., and Casey, B. J.
(1991). Heart rate variabil-
ity during attention phases in
young infants. Psychophysiology
28, 43–53. doi: 10.1111/j.1469-
8986.1991.tb03385.x
Riese, M. L. (1998). Predicting infant
temperament from neonatal
reactivity for AGA/SGA twin
pairs. Twin Res. 1, 65–70. doi:
10.1375/136905298320566366
Ruff, H. A., and Rothbart, M. K. (1996).
Attention in Early Development:
Themes and Variations. New York,
NY: Oxford University Press.
Ruusuvirta, T., Huotilainen, M.,
Fellman, V., and Näätänen, R.
(2009). Numerical discrimi-
nation in newborn infants as
revealed by event-related poten-
tials to tone sequences. Eur. J.
Neurosci. 30, 1620–1624. doi:
10.1111/j.1460-9568.2009.06938.x
Sambeth, A., Huotilainen, M.,
Kushnerenko, E., Fellman, V.,
and Pihko, E. (2006). Newborns
discriminate novel from har-
monic sounds: a study using
magnetoencephalography. Clin.
Neurophysiol. 117, 496–503. doi:
10.1016/j.clinph.2005.11.008
Scerif, G. (2010). Attention trajectories,
mechanisms and outcomes: at the
interface between developing cog-
nition and environment. Dev. Sci.
13, 805–812. doi: 10.1111/j.1467-
7687.2010.01013.x
Schröger, E., Giard, M. H., and
Wolff, C. (2000). Auditory dis-
traction: event-related potential
and behavioral indices. Clin.
Neurophysiol. 111, 1450–1460. doi:
10.1016/S1388-2457(00)00337-0
Schröger, E., and Wolff, C. (1998).
Attentional orienting and
reorienting is indicated by
human event-related brain
potentials. Neuroreport 9,
3355–3358. doi: 10.1097/00001756-
199810260-00003
Seckl, J. R., and Holmes, M. C.
(2007). Mechanisms of disease:
glucocorticoids, their placental
metabolism and fetal “program-
ming” of adult pathophysiology.
Nat. Clin. Pract. Endocrinol.
Metab. 3, 479–488. doi: 10.1038/
ncpendmet0515
www.frontiersin.org September 2013 | Volume 4 | Article 595 | 15
Kushnerenko et al. Processing of novelty and acoustic deviance in infants
Shafer, V. L., Morr, M. L., Kreuzer,
J. A., and Kurtzberg, D. (2000).
Maturation of mismatch negativity
in school-age children. Ear Hear. 21,
242–251. doi: 10.1097/00003446-
200006000-00008
Smith, N. A., Trainor, L. J., and
Shore, D. I. (2006). The devel-
opment of temporal resolution:
between-channel gap detection in
infants and adults. J. Speech Lang.
Hear. Res. 49, 1104–1113. doi:
10.1044/1092-4388(2006/079)
Sokolov, E. N. (1963). Higher ner-
vous functions: the orienting reflex.
Ann. Rev. Physiol. 25, 545–580.
doi: 10.1146/annurev.ph.25.030163.
002553
Sokolov, E. N., Spinks, J. A., Naatanen,
R., and Lyytinen, H. (2002). The
Orienting Response in Information
Processing. Mahwah, NJ: Lawrence
Erlbaum Associates, Publishers.
Squires, K. C., Squires, N. K., and
Hillyard, S. A. (1975). Decision-
related cortical potentials during
an auditory signal detection
task with cued observation
intervals. J. Exp. Psychol. Hum.
Percept. Perform. 1, 268–279. doi:
10.1037/0096-1523.1.3.268
Stefanics, G., Háden, G., Huotilainen,
M., Balázs, L., Sziller, I., Beke,
A., et al. (2007). Auditory tempo-
ral grouping in newborn infants.
Psychophysiology 44, 697–702. doi:
10.1111/j.1469-8986.2007.00540.x
Talge, N. M., Neal, C., and Glover,
V. (2007). Antenatal maternal
stress and long-term effects
on child neurodevelopment:
how and why? J. Child Psychol.
Psychiatry 48, 245–261. doi:
10.1111/j.1469-7610.2006.01714.x
Tanaka, M., Okubo, O., Fuchigami, T.,
and Harada, K. (2001). A study
of mismatch negativity in new-
borns. Pediatr. Int. 43, 281–286. doi:
10.1046/j.1442-200x.2001.01395.x
Tau, G. Z., and Peterson, B. S. (2010).
Normal development of brain
circuits. Neuropsychopharmacology
35, 147–168. doi: 10.1038/npp.
2009.115
Teinonen, T., Fellman, V., Näätänen,
R., Alku, P., and Huotilainen, M.
C.-P. (2009). Statistical language
learning in neonates revealed by
event-related brain potentials. BMC
Neurosci 10:21. doi: 10.1186/1471-
2202-10-21
Tomalski, P., Ribeiro, H., Ballieux, H.,
Axelsson, E. L., Murphy, E., Moore,
D. G., et al. (2012). Exploring
early developmental changes in
face scanning patterns during the
perception of audiovisual mis-
match of speech cues. Eur. J. Dev.
Psychol. doi: 10.1080/17405629.
2012.728076. [Epub ahead of
print].
Trainor, L. J., Marie, C., Gerry, D.,
Whiskin, E., and Unrau, A. (2012).
Becoming musically enculturated:
effects of music classes for infants
on brain and behavior. Ann. N.Y.
Acad. Sci. 1252, 129–138. doi:
10.1111/j.1749-6632.2012.06462.x
Turkewitz, G., Birch, H. G.,
and Cooper, K. K. (1972).
Responsiveness to simple and
complex auditory stimuli in the
human newborn. Dev. Psychobiol. 5,
7–19. doi: 10.1002/dev.420050103
Van den Bergh, B. R. H., Otte, R. A.,
Braeken, M., van den Heuvel, M.,
and Winkler, I. (2013). Does pre-
natal exposure to maternal anxiety
influence information processing in
two-month-old infants? An audi-
tory ERP study. Biol. Psychiatry 73,
132.
Van de Weijer-Bergsma, E., Wijnroks,
L., and Jongmans, M. J. (2008).
Attention development in
infants and preschool children
born preterm: a review. Infant
Behav. Dev. 31, 333–351. doi:
10.1016/j.infbeh.2007.12.003
Van den Bergh, B. R., Mulder, E.
J., Mennes, M., and Glover, V.
(2005). Antenatal maternal anxiety
and stress and the neurobehavioural
development of the fetus and child:
links and possible mechanisms. A
review. Neurosci. Biobehav. Rev. 29,
237–58. doi: 10.1016/j.neubiorev.
2004.10.007
Van den Bergh, B. R. H. (2011).
Developmental programming
of early brain and behaviour
development and mental health:
a conceptual framework. Dev.
Med. Child. Neurol. 53(Suppl. 4),
19–23. doi: 10.1111/j.1469-8749.
2011.04057.x
Van den Bergh, B. R. H., Otte, R. A.,
Braeken, M., van den Heuvel, M.,
and Winkler, I. (2013). Deos pre-
natal exposure to maternal anxi-
ety influence information process-
ing in two-month-old infants? An
auditory ERP study. Biol. Psychiatry
73, 132.
Van den Bergh, B. R. H., Otte, R.
A., Braeken, M. A. K. A., Van
den Heuvel, M. I., and Winkler,
I. (2012). Prenatal exposure to
maternal anxiety is associated with
sensory-cognitive development in
2-month-olds. Dev. Med. Child
Neurol. 54(Suppl. 2), 22.
Vouloumanos, A., and Werker, J.
F. (2007). Listening to lan-
guage at birth: evidence for a
bias for speech in neonates.
Dev. Sci. 10, 159–164. doi:
10.1111/j.1467-7687.2007.00549.x
Werner, L. A. (1996). The development
of auditory behavior ( or What the
anatomists and psysiologists have
to explain). Ear Hear. 17, 438–445.
doi: 10.1097/00003446-199610000-
00010
Werner, L. A. (2007). Issues in
human auditory development.
J. Commun. Disord. 40, 275–283.
doi: 10.1016/j.jcomdis.2007.03.004
Werner, L. A., and Boike, K. (2001).
Infants’ sensitivity to broadband
noise. J. Acoust. Soc. Am. 109,
2103–2111. doi: 10.1121/1.1365112
Wetzel, N., and Schröger, E. (2007).
Modulation of involuntary
attention by the duration of
novel and pitch deviant sounds
in children and adolescents.
Biol. Psychol. 75, 24–31. doi:
10.1016/j.biopsycho.2006.10.006
Wetzel, N., Widmann, A., Berti, S.,
and Schröger, E. (2006). The
development of involuntary and
voluntary attention from childhood
to adulthood: a combined behav-
ioral and event-related potential
study. Clin. Neurophysiol. 117,
2191–203. doi: 10.1016/j.clinph.
2006.06.717
Wetzel, N., Widmann, A., and
Schröger, E. (2009). The cog-
nitive control of distraction by
novelty in children aged 7–8
and adults. Psychophysiology 46,
607–616. doi: 10.1111/j.1469-8986.
2009.00789.x
Winkler, I. (2007). Interpreting
the mismatch negativity.
J. Psychophysiol. 21, 147–163.
doi: 10.1027/0269-8803.21.34.147
Winkler, I., Háden, G. P., Ladinig,
O., Sziller, I., and Honing, H.
(2009). Newborn infants detect the
beat in music. Proc. Natl. Acad.
Sci. U.S.A. 106, 2468–2471. doi:
10.1073/pnas.0809035106
Winkler, I., Kushnerenko, E., Horvath,
J., Ceponiene, R., Fellman, V.,
Huotilainen, M., et al. (2003).
Newborn infants can organize the
auditory world. Proc. Natl. Acad.
Sci. U.S.A. 100, 11812–11815. doi:
10.1073/pnas.2031891100
Zhang, Z., Jiao, Y.-Y., and Sun, Q.-Q.
(2011). Developmental matura-
tion of excitation and inhibition
balance in principal neurons
across four layers of somatosen-
sory cortex. Neuroscience 174,
10–25. doi: 10.1016/j.neuroscience.
2010.11.045
Zwaigenbaum, L., Bryson, S., Rogers,
T., Roberts, W., Brian, J., and
Szatmari, P. (2005). Behavioral
manifestations of autism in the
first year of life. Int. J. Dev.
Neurosci. 23, 143–152. doi:
10.1016/j.ijdevneu.2004.05.001
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 15 May 2013; accepted: 16
August 2013; published online: 05
September 2013.
Citation: Kushnerenko EV, Van den
Bergh BRH, and Winkler I (2013)
Separating acoustic deviance from nov-
elty during the first year of life: a review
of event-related potential evidence.
Front. Psychol. 4:595. doi: 10.3389/fpsyg.
2013.00595
This article was submitted to
Developmental Psychology, a section
of the journal Frontiers in Psychology.
Copyright © 2013 Kushnerenko,
Van den Bergh and Winkler. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the orig-
inal author(s) or licensor are credited
and that the original publication in
this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.
Frontiers in Psychology | Developmental Psychology September 2013 | Volume 4 | Article 595 | 16
